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At 𝑡 = 1509𝜏𝑣 the polymer volume fraction is 𝜙 ≈ 0.96. (b) Plot 
showing how timescale for skin layer formation varies with 
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The inset shows network pressure as a function of gel volume for 
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same bulk modulus. In good solvents, the microgels with longer 
chain lengths have a higher porosity and are thus softer. 
Figure 4.3 Relationship between the Flory-Huggins solvency parameter and 
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Figure 5.3 – (a) Plot showing how the average microgel volume in the 
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for the solvency method. The solid black line in plots (a-b) 
represents the accessible volume per particle in the suspension, 
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low 𝜓 large differences in radial penetration are observed between 
the two methods. For the solvency method, at low packing 
fractions phase separation leads to an increase in particle-particle 
penetration, due to gelation. 
61 
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suspensions for the solvency method. Markers show 𝑆 for 
microgel particles in the suspension. The solid lines show the 𝑆 
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distribution. The red and green dotted lines show 𝑆 for networks 
III and IV respectively. 
64 
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Figure 5.6 – Bulk modulus data for suspensions consisting of microgel 
particles with uniform (I and II) and normal (III and IV) crosslink 
distributions for both volumetric (a) and solvency (b) methods. (c) 
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Figure 5.7 –  Master curve data showing frequency sweeps of the scaled 
storage and loss modulus for both the volumetric and solvency 
methods. Here we normalize the loss and storage moduli by the 




Similarly, the frequency is normalized by the crossover frequency 
𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟. Doing this the plot shows that all our data collapses 
onto two master curves. At high frequencies 𝐺’’ scales as ∝ 𝜔0.69, 
as shown by the black dotted line. 
Figure 5.8 – Plot showing how crossover frequency and storage modulus vary 
with packing fraction for both the volumetric and solvency 
methods. For the solvency method at 𝜓 > 1 both 𝜔crossover and 
𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 become constant. This occurs because for 𝜓 > 1 the 
volume of each microgel in the suspension is restricted to 𝑉 ≈
Vbox 𝜅⁄ , since Vbox is constant for the solvency method. For the 
volumetric method both 𝜔crossover and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 increase with 
𝜓, indicating compression enables the suspensions to remain 
solid-like at higher frequencies. In the range 0.5 ≲ 𝜓 ≲ 4 
𝜔crossover and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 for the solvency method are larger than 
the corresponding values for the volumetric method. This occurs 
due to the increase in 𝑎 for the solvency method which makes 
microgel-microgel interactions more favorable and leads to 
increased interpenetration between microgels. For the solvency 
method at the critical point near 𝜓 ≈ 1, gelation causes structural 
rearrangements in the suspension leading to a drop in 𝜔crossover 
and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟. 
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Figure 6.1 – Activation of microsheets with an aspect ratio of 2 and thickness 
ratios of 1.6 (a-d) and 0.4 (e-h). For larger thickness ratios almost, 
no deformation is observed (a-d). Decreasing the thickness ratio 
allows the composite microsheet to roll into a microtube (e-h).  
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Figure 6.2 – Simulation snapshots showing self-rolling of silk microsheets as 
a function of the aspect ratio (thickness ratio of PS layer/active 
layer: 1.5).  Microsheet with aspect ratio of 8 is shown in images 
(a-d). Meanwhile images (e-h) show a microsheet with an aspect 
ratio of 1. 
79 
Figure 6.3 – Simulated self-folding behavior of silk-on-silk microsheets. (a-
d) Snapshots for rhomboid geometries with 15° minor angle. (e-h) 
Snapshots for rhomboid geometries with 30° minor angles. (i-l) 
Simulation renderings showing folding in an initially flat 
rectangular sheet with an aspect ratio of 2, 𝐿/𝑊 =  2. (m-p) 
Images showing folding in an initially bent rectangular sheet 
(𝐿/𝑊 =  2) with curvature 𝑘 = 0.35𝐿.  
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Figure 6.4 – Stress map obtained from LSM model for individual layer within 
a composite silk microsheet an aspect ratio of 2.  Top row indicated 
front view and the bottom row is the back view for each panel for 




Figure 6.5 – (a-c) LSM simulation stress distribution maps throughout the 
rolling process within the PS layer of a spider silk microsheet 
composite with an aspect ratio of 2. Front views are shown in top 
row and back views are shown in the bottom row.  
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Figure 6.6 – Stress map obtained from computational simulation for each 
individual layer within the sandwiched 30° parallelograms silk 
microsheet. a) β-sheet; b) silk ionomer layer; c) PS layer. Top row 
shows front view and the bottom row shows the back view for each 
panel. 
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Figure 6.7 – Color map of calculated stress within the PS layer as an example 
in the sandwiched silk microsheets with an aspect ratio of 1: 1 over 
a time series (a-c) (from left to right). Front views as shown in top 
row and back views in the bottom row. Folding is initiated in the 
top right corner of the sheet (front view). 
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Figure 6.8 – Stress map obtained from computational simulation for each 
individual layer within the sandwiched silk microsheet with an 
aspect ratio of 1:8. (a) β-sheet; (b) silk ionomer layer; (c) PS layer. 
Top row indicated front view and the bottom row is the back view 
for each panel.  
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Figure 6.9 – Cross-sectional view of composite structure. Green layer 
represents beta-sheet, blue layer represents the silk-ionomer, and 
red layer represents the polystyrene. 
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Figure 6.10 – Plot showing how radius changes as a function of the PS 
thickness for different β-sheet thicknesses. For composite network 
we assumed a PS stiffness of 1.8 GPa, silk ionomer layer thickness 
of 388 nm and stiffness of 11 MPa, and β-sheet stiffness of 8.6 
GPa. 
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Figure 6.11 – Plot showing how radius changes as a function of PS thickness 
for different silk ionomer layer thicknesses. Here we assume β-
sheet thickness of 34.4 nm and stiffness of 8.6 GPa, PS stiffness 
of 1.8 GPa. 
90 
Figure 6.12 Experimental snapshots showing final equilibrated shape of 
spider-silk microsheets with aspect ratios of 1 (a), 2 (b), and 8 (c). 
The image in figure (d) show final equilibrated shape of a 15° 
rhomboid microsheet. 
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Figure 7.1 – A micro-swimmer made of a bi-faced hydrogel. (a) The gel 
swimmer has two layers: responsive layer (green) and passive 
layer (gray) with thicknesses 𝑑𝑅 and 𝑑𝑃, respectively. The 




stimulus is applied. (b) Front view of the X-shaped gel swimmer. 
The swimmer body has length 𝐿𝑠𝑖𝑑𝑒 and its arms have width 𝑤𝑎𝑟𝑚. 
(c) The swimmer expands and bends in response to an external 
stimulus. Its deformation is characterized by curvature 𝜅 and arc 
length 𝑠. (d) Simulation snapshots of the micro-swimmer during 
one period of its motion. The swimmer propels in the positive 𝑥 
direction. The dotted lines indicate the initial 𝑥 position of the 
swimmer’s center of mass (solid circle) at 𝑡 = 0. When the 
stimulus is applied at 𝑡 = 0 the swimmer expands and bends. 
When the stimulus is removed at 𝑡 = 0.5𝑃𝑎𝑐𝑡, the swimmer then 
contracts and straightens to its original configuration. 
Figure 7.2 – (a) Center of mass position vs. period for different swelling ratios 
of swimmer’s responsive gel layer. Colored background indicates 
the portion of time when the stimulus is on. During one period, the 
swimmer undergoes bending and expansion, moving forward after 
the stimulus application. Upon stimulus removal, the swimmer 
undergoes contraction and straightening and moves backwards a 
shorter distance. The result is a net forward displacement. (b) 
Swimming velocity 𝑉𝑠𝑤𝑖𝑚 as a function of thickness ratio 𝑇𝑅 =
𝑑𝑃 𝑑𝑅⁄ . Error bars indicate standard deviation from the average 
value. The optimal thickness ratio 𝑇𝑅 = 1.4 leading to the fastest 
swimming speed is indicated by the vertical dash-dotted line. 
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Figure 7.3 – Swimmer deformation due to periodic application of the 
stimulus. Colored background indicates portion of time when 
stimulus is on. (a) Arc length and curvature vs. time for the micro-
swimmer with 𝑇𝑅 = 1.5 and = 6. The arc length and curvature 
rapidly increase to a new equilibrium state after the stimulus is 
applied and then revert back to their original states upon stimulus 
removal. The time scale difference between rates of change in arc 
length and curvature is illustrated during (b) swelling and (c) de-
swelling. In both cases, changes in arc length occur more quickly 
than that of curvature. This results in a time-irreversible motion 
that yields propulsion in a highly viscous environment. 
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Figure 8.1 – (a) Rigid shell with six perforated pores. (b) Spherical microgel 
swollen in good solvent. (c) Phagocyte-inspired microdevice in 
swollen state immersed in nanoparticle-rich solvent. The close-ups 
show diblock-copolymer brush decorating shell pores (red and 
gray) and a nanoparticle (yellow). The red monomers at the ends 
of copolymer chains are mutually attracted to each other, while the 
gray monomers are repelling. 
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Figure 8.2 – (a) The top row shows snapshots of the microdevice during 
swelling/deswelling transition for period 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙. (b) 




the microdevice. Initially, the microgel is collapsed inside the shell 
and polymer brushes close the pores. At 𝑡1, the external stimulus 
is applied causing the microgel to swell. Swelling is achieved via 
a three-step process. First, the gel rapidly adsorbs solvent within 
the capsule and swells to fill the shell volume (𝑡2). Further 
swelling proceeds via diffusion of the external solvent through the 
semi-permeable polymer brush closing the shell pores. The gating 
brush experiences outward pressure due to expanding microgel. 
Once the pressure exceeds the critical magnitude the polymer 
brush yields, allowing the gel to exit through the pores (𝑡3). The 
microgel continues to expand forming bulbs protruding from the 
shell pores until it reaches its final equilibrium shape (𝑡4). At 𝑡4, 
the external stimulus is removed causing the microgel to deswell 
and retract. Upon deswelling, the polymer network becomes 
highly heterogeneous, as the gel and solvent phase separate (𝑡5). 
After the microgel fully retracts, polymer brushes bridge the pore 
isolating collapsed microgel within the shell (𝑡6). 
Figure 8.3 – Figures showing how gel volume changes during 
swelling/deswelling in a phagocyte-like microdevice. Six different 
swelling/deswelling regimes are found, which are highlighted by 
the black dotted lines. Plot (a) shows the first 3 regimes for 
swelling and plot (b) shows the other 3 regimes for deswelling. 
112 
Figure 8.4 – (a) Evolution of nanoparticle concentration during one period of 
actuation with 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙 for nanoparticles with different 
adhesiveness. The dotted color lines show the concentration in the 
microgel. The solid color lines show the nanoparticle 
concentration inside the microcapsule. The solid black line shows 
the volume of the microgel. (b) Nanoparticle concentration in the 
microcapsule during 15 periods with 𝑃𝑎𝑐𝑡  =  6.7𝜏𝑠𝑤𝑒𝑙𝑙 for 
particles with different adhesiveness. Note that after multiple 
actuation periods the concentration of attractive particles exceeds 
the concentration in the external solvent 𝐶𝑒𝑥𝑡, whereas the 
concentration of repulsive particles remains below that 
concentration. The attractive, neutral, and repulsive particles have  
𝑎𝑁−𝑁𝑎𝑛𝑜 equal to 60, 65, and 75, respectively. Microgel volume 𝑉 
is normalized with respect to the volumes in collapsed 𝑉𝑐 and 
swollen 𝑉𝑠 states. 
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Figure 8.5 – Capture rate for nanoparticles with different adhesiveness as a 
function of the actuation period 𝑃𝑎𝑐𝑡. The capture rate is 
maximized for attractive and neutral nanoparticles when actuation 
period is about 𝜏𝑠𝑤𝑒𝑙𝑙, indicating that the capture is enhanced by 




The attractive, neutral, and repulsive nanoparticles have 𝑎𝑁−𝑃 
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This work develops a mesoscale hydrogel model that is based on dissipative particle 
dynamics (DPD). The model is used to study the mechanics and kinetics of different 
microgel systems. Firstly, we examine how the swelling curves and microgel kinetics vary 
for microgel  particles with different network properties. In our simulations we find that 
during deswelling the network is highly inhomogeneous as the polymer chains bundle and 
cluster with nearby neighbors. Depending on the microgel network parameters this can 
either speed-up or arrest the deswelling. To determine how the microgel mechanics vary 
throughout the volume phase transition we evaluate the bulk and Young’s moduli at 
different solvents. The mechanical results show good agreement with Flory-Rehner theory 
signifying that our model can capture both the microgel kinetics and mechanics. We 
leverage single microgel particle results to probe the behavior of microgel suspensions at 
different packing fractions and solvencies. Our findings demonstrate that mechanical 
responses are guided by the single particle modulus. We show that loss and storage moduli 
data can be scaled onto two master curves, when normalizing by the crossover frequency 
and loss modulus. Using our mesoscale model, we construct various hydrogel-based 
microdevices, including self-folding microsheets, a self-propelling bi-layered 
microswimmer, and an active microcapsule. The self-folding microsheets are shown to 
produce different 3D structures like helical coils and microtubules depending on the initial 
2D geometry. The novel active-passive bilayer microswimmer generates time irreversible 
motion and achieves self-propulsion due to the timescale mismatch between de/swelling 
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and bending. The active microcapsule can selectively capture nanoparticles from the 
external solvent at predefined rates, controlled by the actuation period.
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Hydrogels are highly porous 3D networks which when exposed to an external 
stimulus, like temperature, light intensity, pH changes, or magnetic/electric fields can 
experience drastic changes in their internal structure [2-5]. One of the most well-known 
examples is Poly(N-isopropylacrylamide) or PNIPAM. PNIPAM experiences a lower 
critical solution temperature (LCST) at ~32°C, which means that when this material is 
heated above the LCST, the initially highly porous and solvent-rich network experiences a 
volume phase transition. During this transition the gel collapses, expelling solvent from the 
network interior in the process. The swelling/deswelling process is reversible and easily 
controlled by varying the underlying external stimulus. In the 1980-90s a large body of 
work went into characterizing the behavior of macrogels (cm-mm sized gels) [6-12]. Over 
the past two decades researchers have extended much of the earlier work to the micro realm 
(50nm – 100µm) and found that many of the earlier findings apply equally well [13-15]. 
The large volume changes achieved by these  microgels near the critical point of 
the volume phase transition in tandem with their tissue-like biocompatible nature has made 
them a promising material of choice for a variety of biomedical and engineering 
applications like micro-actuation [16-18], tissue scaffolding [19-24], drug delivery [25-
28], and micro-catalysis [29, 30]. Recent experiments show that by varying the relaxation 
rates of the underlying hydrogel matrix, mesenchymal stem cells can be predisposed 
towards osteogenic differentiation (vs. adipogenic differentiation) which is important for 
bone tissue formation [31]. Additionally, methacrylated gelatin (MG) scaffolds have been 
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used to regrow cardiac muscle cells [32]; it was shown that by enriching the MG network 
with carbon nanotubes, the beating frequency of the cells could be varied. Hydrogels have 
also been used extensively to create novel drug delivery devices. A new hydrogel-based 
microdevice capable of aiding diabetics by delivering a sustained release of insulin in 
response to enzymatic oxidation of glucose has been recently demonstrated [33]. 
Additionally, microscopic hydrogel particles have been used to encapsulate living cells to 
create 3D microenvironments for cell culturing [34] for controlled release of DNA targets 
[35]. Ultrasoft microgels have also been shown to act as artificial platelets facilitating blood 
clotting [36], whereas dense colloidal suspensions of such microgels enable assays to 
evaluate cell invasiveness [37]. Furthermore, stimuli-responsive multi-layered gel 
structures are promising for microactuator applications [16-18] and for designing self-
propelling robots [38-40]. 
In the recent work of Ren et al. researchers developed a thermally triggered 
hyaluronic acid-tyramine (HA-Tyr) injectable hydrogel scaffold [19]. By placing liposome 
encapsulated horseradish peroxidase (HRP) (derived via the dehydration-rehydration 
vesicle method) and hyaluronic acid-tyramine conjugates in a hydrogen peroxide solution, 
researchers were able to induce gelation between the HRP and HA-Tyr conjugates by 
varying the temperature. Near room temperature the HRP and hyaluronic acid-tyramine 
solution remained liquid, but when injected into a target site in vivo in mice the rise in 
temperature caused a phase change in the liposomes, which increased the membrane 
permeability, allowing for the HRP (crosslinking agent) to make contact with the external 
solution and for oxidative coupling of Tyr moieties to occur, which lead to the formation 
of a hydrogel network. The implications of this work are significant as they can lead to 
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groundbreaking developments in areas of tissue engineering, in particular the injectable 
HA-Tyr hydrogel networks have promising applications as synthetic scaffolds for cartilage 
repair [41-44]. Further developments and enhancements of hydrogel-based therapies, like 
the one introduced by Ren et al., are critically dependent on fully understanding the 
underlying micromechanics and kinetics of hydrogels. Understanding the micro-macro 
property relations in the case of Ren et al. can allow researchers to design permanent 
scaffolds with self-healing properties that allow for longer in vivo lifetimes and higher 
immunogenicity.  
Up to this point, phenomenological (Flory-Rehner type) models have been widely 
used to characterize stimuli-sensitive hydrogels [7, 11-13, 45-47]. While these models 
correctly capture how the bulk properties change near the critical point, they do not provide 
a clear picture as to how individual chain parameters affect network mechanics. In that 
regard, molecular dynamics models, which study the hydration/swelling of individual 
polymer chains have been developed [48]. Although invaluable insight has been gained 
from these efforts, especially regarding hydration, creating larger mesoscopic networks 
using these atomistic models is currently not possible. Application in the relevant nm-μm 
length scales are typically not computationally accessible using atomistic simulations [49], 
hindering the potential utility in solving engineering problems. Continuous approaches 
enable access to much larger length and time scales compared to atomistic models. In this 
case, however, connecting individual chain parameters to bulk material properties is not an 
easy task for hydrogel materials [50] due to the complex interplay among elastic, 
hydrodynamic, and chemical interactions. As a result, mesoscale models of polymeric 
materials are gaining popularity due to their ability to tackle problems that are inaccessible 
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by other methods [51-53]. In our study, we focus on developing a mesoscale model which 
can simulate the mechanics of hydrogels on longer spatial and temporal scales (while 
retaining the main ideas from the aforementioned theoretical and molecular models). 
1.2 Research Objectives 
In this work we aim to develop a mesoscopic model which will allow us to study 
how individual polymer chain parameters affect the mechanics and kinetics of microgel 
particles. To achieve this, we rely on concepts from polymer physics to characterize the 
behavior of single polymer chains. Then, using these chains as building blocks, we 
construct large spherical random polymer networks. After the networks are constructed we 
apply the appropriate stresses to measure the underlying mechanical response of each 
network and we compare this response to Flory-Rehner’s theory [13].  
In addition to this we track the kinetics during instantaneous swelling/deswelling  
of each network and compare the volume change of the networks to the corresponding 
volume changes predicted by Tanaka’s theory for swelling [9]. For instantaneous 
deswelling experimentally it has been shown that in some cases microgel kinetics can 
become arrest as a dehydrated “skin layer” near the gel-solvent interface forms [1, 54]. Our 
goal is to investigate the impact of such skin layer formation on the microgel kinetics. 
Additionally, we want to understand how skin layer growth varies for different microgel 
sizes and network structures. Lastly, we aim to examine how the collective diffusion 
coefficient varies throughout the volume phase transition for quasistatic 
swelling/deswelling.  
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Another objective of the current research is to utilize the single particle model to 
construct large colloidal suspensions and study how the mechanical behavior of these 
suspensions’ changes with packing fraction and solvency. The colloidal suspensions 
themselves are made up of many (~100) soft and deformable spherical particles which give 
the suspensions an incredibly rich mechanical response. The soft, deformable, and 
responsive nature of the constituent particles allows these suspensions to reversibly 
alternate between fluid-like and glassy behavior. Examining the mechanical behavior of 
compressed microgel suspensions, which have a high energy storage capacity and fast 
response times, will help researchers design novel self-healing materials. The results of 
this work should lead to many interesting conclusions since the colloidal suspensions 
themselves resemble biological tissue which is made up of soft and deformable cells. 
The final goal of the research is to design novel hydrogel-based microdevices. To 
that extent, we first create a model which will allow us to predict swelling induced 
deformations in active trilayered composite microsheets. The active material in this system 
is a silk-ionomer hydrogel which can swell/deswell with changes in the pH. Swelling of 
the silk-ionomer layer generates stresses in the adjacent passive layers and initiates the 
deformation of the composite structure. We show that by varying the thickness and aspect 
ratios of the microsheets we can control the final 3D equilibrated structures. After this, we 
also show how bilayered hydrogel microsheets can be leveraged to create a microscopic 
swimmer that is capable of swimming in a viscous fluid when actuated by a periodically 
applied stimulus. For this microdevice we will demonstrate that the swimming speed 
depends on the relative stiffness of the two gel layers composing the swimmer, and we will 
determine the optimal stiffness ratio for swimming. In addition to this microswimmer, we 
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will also design a phagocyte-like, active microcapsule which can selectively capture 
external particles. Here we will study how the capture rate depends on the swelling period 
and we will quantify the ideal swelling period which maximizes capture rates. 
1.3 Survey of Prior Studies 
Some of the earlier experimental work on macrogel properties was done by Hirotsu 
and Tanaka which focused on gel mechanics and swelling kinetics, respectively. Hirotsu 
was the one to point out the dip in the bulk modulus and the corresponding negative Poisson 
ratios [7, 10-12]. Meanwhile Tanaka developed a very popular theory for the swelling 
kinetics of spherical macrogel particles, which allows the relaxation time and collective 
diffusion coefficient of the network to be calculated [9]. Tanaka’s work is pivotal because 
it clarifies the misconception that the swelling/deswelling kinetics of a macrogels are set 
by the diffusion of the water molecules. Instead, Tanaka shows that the swelling kinetics 
are set by the diffusion of the polymer network into the water, which can be characterized 
by the collective diffusion coefficient 𝐷 [9]. In their work Tanaka et al. also showed that a 
critical point can be observed in the macrogel kinetics [8]. This was done by incrementally 
collapsing a gel network and at each point quantifying the collective diffusion of the 
network. Near the critical point a dip in 𝐷 was observed, where 𝐷 decreases by about an 
order of magnitude as it approached zero. This indicates that at the critical point network 
relaxation becomes arrested. During rapid deswelling it was also observed that macrogel 
kinetics can become arrested [1, 55, 56] leading to deswelling times which are on the order 
of days/weeks [55, 57].  
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Over the years there has been a large (and still growing) body of experimental work 
which was(is) compared against Flory Rehner’s theory. The utility of the theory comes 
from the fact that it beautifully captures all the non-linear behavior which is seen 
experimentally. To derive the expression for the bulk modulus from the theory we start 
with the equilibrium condition for total osmotic pressure 𝛱𝑡𝑜𝑡𝑎𝑙 =  𝛱𝑒 +  𝛱𝑚𝑖𝑥 =  0, where 















𝑙𝑛(1 − 𝜙) + 𝜒𝜙2] is the osmotic pressure due to polymer-solvent mixing. Here 𝜙 is the 
polymer volume fraction, 𝑁𝑐 𝑉𝑜⁄  is the number of polymer chains in the preparation state 
per volume, vs is the molar volume of the solvent, 𝜙𝑜 is the volume fraction in the 
preparation state, χ is the solvency parameter, 𝑁𝐴 is Avogadro’s number, 𝑘𝑏 is Boltzmann’s 
constant, and 𝑇 is the temperature. Using that 𝐾 =  𝜙
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− 2ꭓ𝜙2). This equation can be used to fit the 
experimental data via nonlinear regression. Thus Flory-Rehner’s theory can predict how 𝐾 
will vary with polymer volume fraction and solvency.  
In the 1990s Hirotsu et al. showed that Flory-Rehner’s theory can capture the 
behavior of experimental macrogels well. An important finding in their work is that the 
volume phase transition becomes sharper as the gel softens and becomes more fragile [10].  
More recently Fernandez-Nieves et al. have shown that Flory-Rehner’s theory applies 
equally well to microgel PNIPAM particles [13]. Their experimental findings are in good 
agreement with the prior macrogels studies carried out by Hirotsu and Tanaka [10]. In their 
work Fernandez-Nieves et al. determined that a quadratic expansion of the ꭓ parameter is 
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𝜑2) in order for the fit to be accurate, which shows that many-
body interactions near the critical point become significant [13].   
Fernandez-Nieves et al. also studied the behavior of compressed microgel 
suspensions where they illustrated how the phase change process for compressed 
suspensions changes with particle stiffness [58]. They showed that for very soft particles 
only a liquid phase exists. As the particle stiffness increases liquid crystal and glassy phases 
begin to emerge [58]. For stiff enough particles the behavior resembles that of hard spheres 
[58]. In addition to this work Fernadez-Nieves et al. also showed that the shear and bulk 
moduli of compressed microgel suspensions are set by the single particle bulk modulus 
[59]. For these suspensions they noted a three order of magnitude difference in the bulk 
and shear moduli. This is totally different than what is seen for other disordered soft matter 
systems like compressed emulsions and foams, where the mechanical response is set by 
the interfacial energy, which only leads to an order of magnitude difference in the bulk and 
shear moduli. The much higher bulk modulus in the microgel suspensions allows this 
material to exhibit high energy storage and fast response times. The low shear modulus, 
meanwhile, means that particles can easily rearrange, making this material ideal for self-
healing applications. Overall, the work of Fernandez-Nieves et al. shows that compressed 
microgel suspensions exhibit a uniquely rich mechanical behavior which cannot be elicited 
from other soft matter systems [58-61].  
Using Flory-Rehner’s theory to understand how properties on the microscale 
(monomer type, chain flexibility, etc.) affect the bulk mechanical behavior is not possible. 
In that regard, recently Kojima et al. put forth a cooperative dehydration theory which more 
closely describes the physics of neutral microgels. The theory stipulates that for nonionic 
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PNIPAM gels the onset of the volume phase transition is dictated by a cooperative 
dissociation of the bound water molecules from the polymer chain [62]. A ball and stick 
model of PNIPAM is shown in Figure 1.1a. Kojima et al. hypothesize that when a water 
molecule engages in hydrogen bonding with the amide group (NH-C=O) the nearby bulky 
isopropyl groups (CH3) get displaced which makes it sterically easier for more localized 
hydrogen bonding to occur. Kojima et al. illustrate how this behavior can be incorporated 
into the Flory-Rehner picture by modifying the original solvency parameter ꭓ. A significant 
finding in their work is the fact that random hydration (without cooperativity) cannot 
reproduce a discontinuity in the swelling curve and the corresponding mechanical response 
observed for some microgels [12]. 
One of the models which takes the hydrogen bonding aspect into account is the model 
proposed by Deshmukh  et al. which is a molecular dynamic (MD) model for PNIPAM 
cross-linked with BIS [48]. In their work the authors used the GROMOS96 force-field with 
corresponding bond, angle, and dihedral potentials. The initial structures were generated 
using a self-avoiding random walk (SARW) model. Although very accurate, the major 
drawback of this model is that the corresponding length and time scales which can be 
modeled are relatively small (angstroms and nanoseconds). To access larger length and 
time scales mesoscopic modeling techniques need to be applied. In general, mesoscale 
models reduce computational costs by eliminating extra degrees of freedom which are 
considered nonessential with respect to the phenomenon of interest.  
In the recent work of Zaccarelli et al. researchers developed a patchy particle mesoscale 
model which is intended to computationally reproduce the experimental polymer network 
structure [63]. Once the computational structure is achieved traditional bead-spring 
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modeling is used to model the microgel dynamics. In their work the level of coarse graining 
is larger than MD methods, each NIPAM monomer (Figure 1.1a) is represented by a single 
particle, a similar approach is taken for the BIS crosslinker. As a result, a single gel particle 
in their model has a characteristic size of approximately 50 nm. A limitation in their work 
is the fact that there is no explicit solvent in the model. The microgel collapse is achieved 
via a pseudopotential which they introduce. The pseudopotential introduces attractive 
forces between monomers as the solvency is decreased, which causes the microgel to 
collapse in bad solvent. The lack of explicit solvent is beneficial because it reduces the 
overall compute time. However, removing solvent particles from the simulation can also 
lead to unphysical gel kinetics.  
Numerous other mesoscale models have been developed over the years which study 
polyelectrolyte gels [64-66], multi-shell microgels [67], Belousov–Zhabotinsky reactions 
in gels [68] and self-regulating behavior (via feedback-loops) [69]. No mesoscale models 
have been developed however which properly capture the kinetics and mechanics of 
microgels along with the hydrodynamics of the embedded solvent. 
Figure 1.1 (a) Ball and stick model of PNIPAM monomer. Dark gray particles represent 
carbon atoms while the light gray particles represent hydrogen. The red and blue 
particles represent oxygen and nitrogen atoms, respectively. (b) Illustration of 
cooperative hydration scheme proposed by Kojima et al. Water molecules bind to 
PNIPAM chain in consecutive sequences to form a pearl-necklace conformation.  
(a) (b) 
 11 
CHAPTER 2. MESOSCALE MODEL OF MICROGELS 
2.1 Introduction 
 Experimentally, microgel particles are often characterized by their swelling curve, 
which illustrates how the microgel volume or porosity vary throughout the volume phase 
transition. An important step towards obtaining a better understanding of the microgel 
micromechanics and kinetics is determining how individual chain parameters affect the 
microgel network. We initially focus on characterizing the flexibility of individual polymer 
chains, where we aim to minimize computational costs while still retaining the flexibility 
profile observed in experiments. To achieve this, we rely on Flory’s theory which utilizes 
a mean-field approach to predict the equilibrium conformation of real 3D polymer chains. 
We then create  spherical microgel networks with different average chain lengths. By 
swelling/deswelling these networks we can then gauge the impact that the average chain 
length has on the volume phase transition of a microgel particle.  
 We focus on studying “neutral” microgel networks using the dissipative particle 
dynamics (DPD) method. The “neutral” distinction signifies that swelling/deswelling does 
not occur as a result of ionic interactions, as is the case for polyelectrolyte gels. 
Experimentally, microgels like PNIPAM are often regarded as “neutral”, where the 
swelling/deswelling transition is driven by hydrogen bonding. In the section which follows 
we outline the computational setup for our DPD model. The remaining chapters build on 





2.2 Dissipative Particle Dynamics 
We use DPD, a particle-based method where beads represent mesoscales molecular 
clusters and fluid volumes [70-72], to model a mesoscale polymeric network immersed in 
a viscous solvent. The beads follow Newtonian dynamics and interact via soft potentials 
allowing a larger time step for the integration of the equation of motion. This in turn enables 
modeling systems over extended time scales, which is unachievable using atomistic 
methods. Furthermore, DPD uses pairwise interactions that preserve local hydrodynamics 
that is critical for modeling systems involving fluid flows. DPD has long been successfully 
tested against scaling theories for modeling simple systems [49, 73-79] and experimental 
data [80-88] showing it can capture relevant physical effects. 




𝑅 )𝑗≠𝑖  acting between a given bead 𝑖 and its neighboring beads 𝑗 located 
within a cutoff radius 𝑟𝐶. There is a conservative repulsive force 𝑭𝑖𝑗
𝐶 = 𝑎𝑖𝑗𝑤(𝑟𝑖𝑗)?̂?𝑖𝑗, which 
leads to the bead excluded volume, a dissipative force 𝑭𝑖𝑗
𝐷 = −𝛾𝑤(𝑟𝑖𝑗)
2
(𝑟𝑖𝑗 ⋅ 𝑣𝑖𝑗)?̂?𝑖𝑗 
representing the effects of viscosity, and a random force 𝑭𝑖𝑗
𝑅 = 𝜎𝑤(𝑟𝑖𝑗)𝜉𝑖𝑗(𝛥𝑡)
−1 2⁄ ?̂?𝑖𝑗 
associated with thermal fluctuations. The latter two forces are related by 𝜎2 = 2𝛾𝑘𝐵𝑇 due 
to the fluctuation- dissipation theorem. In all forces, 𝑤(𝑟𝑖𝑗) = 1 − ?̂?𝑖𝑗 is a weighing 
function with ?̂?𝑖𝑗 = 𝑟𝑖𝑗 𝑟𝐶⁄  and 𝑟𝑖𝑗 = |𝒓𝑖 − 𝒓𝑗| the separation distance between beads 𝑖 and 
𝑗. Additionally, ?̂?𝑖𝑗 = (𝒓𝑖 − 𝒓𝑗) 𝑟𝑖𝑗⁄ , 𝜉𝑖𝑗 is a standard normal variable with zero mean, 𝑘𝐵 
is the Boltzmann constant, and 𝑇 is the temperature.  
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To model the polymeric chains in the microgel we use a bead-spring model (Figure 
2.1a), where DPD beads are connected using a harmonic bond potential, a bending angle 
potential, and a segmented-repulsive potential (SRP). The energy for the bond potential is 
given by 𝑈𝑏𝑜𝑛𝑑 = 𝑘𝑏𝑜𝑛𝑑(𝑟 − 𝑟𝑒𝑞)
2
, where 𝑘𝑏𝑜𝑛𝑑 is the bond stiffness and 𝑟𝑒𝑞 is the 
equilibrium separation length between beads. The energy for the angle potential is given 
by 𝑈𝑏𝑒𝑛𝑑 = 𝑘𝑏𝑒𝑛𝑑(1 + 𝑐𝑜𝑠 ), where 𝑘𝑏𝑒𝑛𝑑 is the bending stiffness and  is the angle 
between two polymer bonds sharing a common bead. The segmented repulsive potential 
prevents polymer chains from crossing each other; it is implemented by imposing a soft 
repulsive force between chain bonds. The associated force is given by 𝑭𝑖𝑗
𝑆𝑅𝑃 =
𝐻(1 − 𝑟𝑚𝑖𝑛 𝑟𝑐𝑆𝑅𝑃⁄ )?̂?𝑖𝑗, where 𝑟𝑐𝑆𝑅𝑃  is the cutoff distance for the SRP potential, 𝑟𝑚𝑖𝑛 is the 
minimum distance between two bonds, and 𝐻 is the strength of the potential [89].  
 
Single chain Microgel network (a) (b) 
Figure 2.1. (a) Single polymer chain comprised of polymer beads connected with 
harmonic bonds. (b) Model microgel network composed of individual chains 
interconnected at crosslinking sites. 
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In our simulations, we set 𝑟𝐶 = 1, 𝛾 = 4.5, 𝑘𝐵𝑇 = 1, 𝜌 = 3, 𝑟𝑐𝑆𝑅𝑃 = 0.5, 𝐶 = 100, 
and 𝛥𝑡 = 0.01. Here, 𝜌 is the number density of DPD beads in the system and 𝛥𝑡 = 0.01 
is the simulation timestep. The repulsion between solvent beads and between beads within 
polymer chains are 𝑎𝑆−𝑆 = 25 and 𝑎𝑃−𝑃 = 25, respectively. To model swelling and 
deswelling of the polymer gel, we alter the polymer-solvent repulsion 𝑎𝑃−𝑆 in the range 
between 20 and 35. For the sake of simplicity in what follows, we use 𝑎 without a subscript 
to indicate the polymer-solvent repulsion; hence 𝑎 ≡ 𝑎𝑃−𝑆. The bond stiffness for polymer 
chains is set to 𝑘𝑏𝑜𝑛𝑑 = 35 with 𝑟𝑒𝑞 = 0.6. The bending stiffness is set to 𝑘𝑏𝑒𝑛𝑑 = 10, 
except for single chain simulations where it is varied in the range between 0 and 10. Note 
that all dimensional parameters are expressed in DPD units, unless indicated otherwise.  
To create the gel networks in this chapter, we randomly distribute 3600 crosslink 
points in a cubic box [87]. We then find all crosslink points separated by a distance in the 
range between 0.8𝑟𝑒𝑞𝑁 and 1.1𝑟𝑒𝑞𝑁, and randomly connect them with connectivity up to 
4 using straight polymer chains. Here, 𝑁 is the average number of monomers per chain. 
The number of monomers in each chain is set such that the distance between beads is close 
to 𝑟𝑒𝑞. A microgel with spherical shape is formed from the initial cubic gel by cutting out 
the chains outside the gel radius, with disconnected chain segments removed via a depth-
first search algorithm [90] (Figure 2.1b). The final average connectivity is found to be 
about 3.4, mainly due to free chains at the outer gel surface.  
 For all the microgel networks in this chapter we use an identical initial crosslinking 
configuration. We investigate the effect of the number of beads per chain by setting 𝑁 =
6, 9, 12, and 24. To create networks with different 𝑁 we rescale the relative positions of 
crosslink points such that the average number of monomers in chain connecting them is 
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close to the desired value. Thus, all networks share the same characteristics including 
number of crosslinks, connectivity, and entanglements, and only differ by the number of 
monomers per chain; this corresponds to changing the crosslink-to-monomer ratio, which 
is often done in experiments [60, 91]. We conduct our simulations in a periodic 
computational domain. In the simulations with microgel networks, we choose a domain 
size in the range from 100 × 100 × 100 to 170 × 170 × 170 such that any interactions of 
the microgel with its periodical image are prevented. The domain size for single chain 
simulations is 20 × 20 × 20. We keep the number density of the system constant by adding 
the required amount of solvent DPD beads. At the beginning of the simulations, we 
equilibrate the microgel network in solvent until a steady state situation is reached. 
2.3 Single Chain Properties 
Neutral PNIPAM gels are composed of polymer chains that exhibit flexible 
behavior [61]. We use this property as a guiding criterion for constructing our mesoscale 
model for a polymer chain. Flory’s theory allows us to characterize the flexibility of 
Figure 2.2. (a) End-to-end distance of linear chains with different bending stiffness. 
The points show simulation data, whereas the solid lines represent the Flory theory 
scaling behavior for flexible chains. As the bending stiffness increases, longer chains 
deviate from flexible behavior. (b) Minimum chain length for which chains follow 
flexible behavior as a function of chain bending stiffness. The line separates parameter 
space for the flexible and semi-flexible polymer chains. For stiffer chains, a longer 
length is required to recover flexible behavior. 
(a) (b) 
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individual polymer chains in dilute solution in terms of the relation between the end-to-end 
distance 𝑅𝑒𝑛𝑑 and the number of monomers 𝑁. This relation is given by 𝑅𝑒𝑛𝑑~𝑏(𝑁 − 1)
𝑣, 
where 𝑏 is the Kuhn length, and 𝑣 is Flory’s exponent, which is equal to 3 5⁄  for flexible, 
self-avoiding chains in a good solvent [92].  
When the bead-spring model is used without bending stiffness, we reproduce the 
flexible behavior of a polymer chain with just a few beads per chain. In Fig, 2a, we show 
a log-log plot of 𝑅𝑒𝑛𝑑 as a function of the number of beads for chains with different bending 
stiffness 𝑘𝑏𝑒𝑛𝑑. The solid lines in the figure correspond to 𝑣 = 3 5⁄ . For 𝑘𝑏𝑒𝑛𝑑 = 0, the 
bead-spring model conforms to the expected scaling behavior, even for very short chains. 
Including bending stiffness, however, leads to deviations for chains with small number of 
beads, as shown for 𝑘𝑏𝑒𝑛𝑑 = 5 and 𝑘𝑏𝑒𝑛𝑑 = 10 in Figure 2.2a. These chains behave as 
flexible chains only if the number of beads in the chain is sufficiently large. In Figure 2.2b, 
we show the dependence of the minimum number of beads in the chain 𝑁𝑚𝑖𝑛 for the chain 
to be flexible as a function of the bending stiffness. This number increases as 𝑘𝑏𝑒𝑛𝑑 
increases. Hence, the chains with 𝑁 > 𝑁𝑚𝑖𝑛 behave as flexible chains, whereas chains with 
𝑁 < 𝑁𝑚𝑖𝑛 are semi-flexible. Note that in our mesoscale microgel model, we are interested 
in using shorter chains to reduce the size of the system and accelerate the simulations.  
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In addition to changing the values of 𝑁𝑚𝑖𝑛, bending stiffness also affects the 
magnitude of the Kuhn length, which represents the effective length of orientationally 
independent segments within a polymer chain. For 𝑘𝑏𝑒𝑛𝑑 = 0, the Kuhn length is relatively 
short and is equal to about 0.6, which is the equilibrium length 𝑟𝑒𝑞 for stretching springs 
connecting the beads in the chain. The addition of bending stiffness leads to an increased 
Kuhn length that increases nearly linearly with 𝑘𝑏𝑒𝑛𝑑 within the tested range (Figure 2.3a). 
As we show below, larger values of Kuhn length are critical for modeling highly porous 
swollen gels. 
2.4 Swelling Curves 
Hydrogels are characterized by a high porosity in a good solvent (> 90-95%) [61, 
93]; this plays a fundamental role in gel transport properties, mechanics, and swelling 
kinetics. It is, therefore, important that our mesoscale microgel model can exhibit relevant 
values of porosity in good solvent conditions.  
Figure 2.3. (a) Kuhn length monotonically increases with bending stiffness. With 
increasing 𝑘𝑏𝑒𝑛𝑑, the number of beads in each Kuhn segment increases. For 




In Figure 2.4a, we plot the gel porosity 𝑃 as a function of 𝑘𝑏𝑒𝑛𝑑 for chains with 
different 𝑁. To determine the microgel porosity, we first measure the microgel volume 𝑉 
by constructing a surface mesh enclosing the microgel network (Figure 2.4c) [94]. The 
surface mesh is defined using a probe with a radius of about half of the microgel crosslink 
distance. We then calculate microgel porosity based on the number of solvent beads located 
within the surface mesh. We find that 𝑃 increases with chain length. However, for 𝑘𝑏𝑒𝑛𝑑 =
0, the porosity does not exceed 0.87 even for relatively long chains with 𝑁 = 24. Further 
Figure 2.4. (a) Porosity of spherical microgels composed of chains with different 
length as a function of chain bending stiffness. (b) Plot showing how network 
porosity varies with the scaled chain length. While 𝑁 is fixed the variation in 
𝑘𝑏𝑒𝑛𝑑 causes the persistence to change, which alters the flexibility of the chain. 
The flexible and semi-flexible regimes from Figure 2.2 are shown here to 
illustrate the impact on porosity. (c) Triangulated surface mesh enclosing a 
microgel network. Mesh surface is shown in blue and gel network is shown in 




increase of the chain length can lead to higher porosity, but this also significantly extends 
computation time, as the domain size scales as 𝑁3.  
Long computational times can be avoided by noting that 𝑃 can be increased by 
using shorter chains with a greater 𝑘𝑏𝑒𝑛𝑑 and, thus, a greater Kuhn length. Indeed, we find 
that for 𝑘𝑏𝑒𝑛𝑑 = 10, the porosity is about 0.95 for chains with 𝑁 = 24, which is close to 
typical experimental values for hydrogels. Furthermore, these chains behave as flexible 
chains, which is also typical in experiments. We, therefore, use chains with 𝑘𝑏𝑒𝑛𝑑 = 10 in 
our mesoscale model. Figure 2.4b shows the impact of Kuhn length on network porosity 
and chain flexibility. The semi-flexible regime is highlighted in Figure 2.4b. Using chains 
with 𝑘𝑏𝑒𝑛𝑑 > 10  would further increase microgel porosity. However, this would require 
using longer chains in order to ensure that fully flexible behavior is maintained, which in 
turn would lead to excessive computational times. 
We conduct simulations in which we place a spherical microgel network in 
solutions with different solvency, which we vary by changing the network solvent 
Figure 2.5. (a) Swelling curves in terms of porosity and the network-solvent repulsion 
for spherical microgels with different chain lengths. (b) Derivative of network porosity 
with respect to network-solvent repulsion near the swelling transition, 𝑎 ≈ 29. The 




repulsion coefficient 𝑎. Larger values of 𝑎 correspond to bad solvents, whereas lower 
values of 𝑎 correspond to good solvents. At each 𝑎 we calculate the network porosity, 
which is shown in Figure 2.5a for gels with different 𝑁. In bad solvents, all microgel 
networks have a nearly zero porosity, indicating that the microgel expels practically all of 
the solvent and adopts a nearly collapsed state. As 𝑁 increases from 6 to 24 the microgel 
porosity in good solvent increases from 𝑃 ≈ 86% to 𝑃 ≈ 95%. 
The microgel volume change, as the solvent changes from good to bad, strongly 
depends on 𝑁. For 𝑁 = 6, the volume increases approximately 7 times, when the microgel 
changes from the collapsed to the swollen state. For 𝑁 = 24, the volume increases about 
30 times between collapsed and swollen states. We find that as the chain length increases, 
the volume phase transition becomes sharper, as indicated by the greater value of the 
porosity gradient, 𝛥𝑃 𝛥𝑎⁄ , for microgels with longer chains in Figure 2.5b. This behavior 
is related to the microgel softening due to the decreasing crosslink density 𝜌𝑐 = 𝑉𝑎⁄  in 
microgels with larger 𝑁. Here,  is the total number of crosslinks and 𝑉𝑎 is the gel volume 
for a given value of 𝑎. This result is in qualitative agreement with expectations from the 
Flory-Rehner theory of polymer gels [10].  
Larger volume changes can be also obtained by using polymer chains with greater 
bending stiffness. In good solvent, stiffer chains lead to a higher microgel porosity, whereas 
in bad solvent conditions, the size of collapsed gel is nearly insensitive to 𝑘𝑏𝑒𝑛𝑑 and mostly 





We have illustrated how a bead-spring model can be leveraged within the dissipative 
particle dynamics framework to simulate neutral microgel particles. The model network is 
immersed in an explicit viscous solvent. We alter the solvency by changing the repulsion 
between the network and the solvent. To prevent chains from crossing each other we 
employ bond-bond repulsive potentials. To model sufficiently large microgel networks, we 
identified single chain parameters leading to experimentally realistic microgel properties. 
We find that to model swollen microgels with high porosity, bending stiffness needs to be 
incorporated into the polymer chains to increase their Kuhn length. This imposes a 
limitation on the minimum polymer chain length when flexible chain mechanics is 
required. 
We show that microgels undergo a continuous volume transition when the solvency 
is changed. In bad solvents, the network collapses to a nearly collapsed state, whereas in 
good solvents, the microgel swells with a porosity that increases proportionally to the chain 
length. Microgels with higher porosity are characterized by a sharper volume transition. 
This is in agreement with the work of Hirotsu, who hypothesizes that the gel softening at 
higher porosities increases the sharpness of the volume transition [10]. 
In its current implementation, our mesoscale model is limited to modeling 
microgels that exhibit a continuous volume phase transition. Thus, our microgel model 
cannot simulate gels with a negative Poisson ratio and discontinuity in the bulk modulus, 
which are observed near the critical volume phase transition for certain microgels [12]. 
More elaborate chain-chain and chain-solvent interactions need to be integrated into the 
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CHAPTER 3. MIRCOGEL KINETICS 
3.1 Introduction 
Biofriendly microgels, like PNIPAM and dextran, find numerous applications as 
microscopic delivery agents for advanced therapies of cancer, diabetes, and bacterial 
infections [28, 95]. The release of the embedded drugs/nanoparticles from the microgel 
matrix is often achieved via passive diffusion [96-98]. In this case the release rate strongly 
depends on the drug/nanoparticle size, network mesh size, and microgel radius [99]. 
Typically the drug/nanoparticle size is limited to no more than 200 nm [100, 101]. Passive 
diffusion is usually a slow process. For many systems the drug/nanoparticle release occurs 
over the course of hours/days [102, 103], which can limit the effectiveness of many 
therapies.  
For responsive microgels release of embedded drugs/nanoparticles could be 
initiated via external stimuli, which causes the polymer network to deswell [2-5]. In this 
case deswelling proceeds via a “squeeze-out” mechanism. The squeeze-out mechanism 
however can also be a slow process due to the formation of a dehydrated "skin layer” or 
shell at the gel-solvent interphase. The formation of the dehydrated layer is initiated during 
deswelling as microgel-solvent interactions become unfavorable. The dehydrated skin 
layer hinders solvent migration from the microgel interior which arrests the kinetics of the 
collapsing microgel [1, 55, 56]. The trapped solvent inside the microgel core is eventually 
squeezed out of the network as hydrostatic pressure in the gel builds up over time. This 
squeeze out process can take hours/days to complete in some cases, depending on the initial 
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swollen gel size [57, 104]. If the hydrostatic pressure is not large enough to compress the 
microgel significantly, drug/nanoparticle release can be effectively stopped.  
For certain microgel systems however deswelling does not lead to skin layer 
formation [55, 105]. Indeed, little is known about the conditions under which the 
dehydrated skin layer forms. Experimentally it has been shown that when skin layer 
formation is avoided microgel response times can be on the order of nanoseconds (for 
~0.5 𝜇𝑚 in diameter microgels) [105]. The presence of the dehydrated skin layer hence 
can have a profound effect on microgel-based drug therapies [95]. Obtaining a deeper 
understanding of the microgel kinetics is a critical step to developing more effective 
treatments for diseases like diabetes and cancer [100, 106]. 
The aim of the current work is to utilize mesoscale computational modelling to 
understand how structural network parameters affect microgel kinetics. This will be 
accomplished using the microgel model introduced in Chapter 2. Initially we will examine 
how microgel swelling proceeds for microgels with different, chain lengths, crosslink 
densities, and sizes. Our data will be validated against Tanaka’s theory for swelling which 
has been shown to capture experimental trends well [9, 107]. After this we will examine 
how deswelling proceeds and compare our results to our previous findings for swelling. 
Lastly, we will examine under which conditions skin layer formation occurs. Doing this 





3.2 Microgel Kinetics 
When the gel undergoes a volume transition, the kinetics of this process are defined 
by a balance among osmotic pressure, gel elasticity, and viscous drag due to the solvent 
penetrating in or out of the gel network. The swelling kinetics of a spherical gel can be 






𝑛 , where 𝛥𝑟0 = 𝑟𝑓𝑖𝑛𝑎𝑙 − 𝑟𝑖𝑛𝑖 is the total increase in the radius, with 
𝑟𝑓𝑖𝑛𝑎𝑙 and 𝑟𝑖𝑛𝑖 being the final and initial equilibrated gel radii, respectively, 𝜏𝑐ℎ𝑎𝑟 is the 
characteristic time constant, and 𝑡 is time. The time constant is given by 𝜏𝑐ℎ𝑎𝑟 = 𝑟𝑓𝑖𝑛𝑎𝑙
2 𝐷⁄ , 
where 𝐷 = (𝐾 + 4𝐺 3⁄ ) 𝑓⁄  is the collective diffusion of the gel characterizing its elastic 
relaxation in a viscous solvent. Here, 𝐾 is the bulk modulus, 𝐺 is the shear modulus, and 𝑓 
is the friction coefficient between the polymer network and the fluid. Note that as in 
Chapter 2 all dimensional parameters are expressed in DPD units, unless indicated 
otherwise. 
To examine whether our mesoscale microgel model can properly describe swelling 
kinetics, we simulate swelling of a spherical microgel that is initially in the collapsed state 
Figure 3.1. (a) Swollen particle in good solvent 𝑎 = 25. (b) Deswollen particle in 
bad solvent 𝑎 = 35. 
(a) (b) 
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(𝑎 = 35). At 𝑡 = 0, the collapsed gel is placed in a good solvent (𝑎 = 20) and allowed to 
equilibrate. The collapsed and swollen states are illustrated in Figure 3.1. In our 
simulations, we track how the microgel radius changes as the microgel undergoes swelling 
in the good solvent. The results of the simulations for different chain lengths 𝑁 are shown 
in Figure 3.2a. As a result of the fitting we find that 𝜏𝑐ℎ𝑎𝑟 increases roughly proportional 
to 𝑁2, whereas the collective diffusion 𝐷 decreases with increasing 𝑁 [108]. Hence, 
networks with longer chains swell slower than networks with smaller chains. The plot in 
the figure shows that our simulations agree well with the theory for all 𝑁, indicating that 
our microgel model can properly capture microgel interactions with the viscous solvent.  
In Figure 3.2b we illustrate results for different microgel sizes and network 
porosities. The polymer networks in Figure 3.2b are constructed using 𝑁 = 12 and 
𝑘𝑏𝑒𝑛𝑑 = 5. The porosity is varied from 65% (𝑃65) to 93% (𝑃93) by changing the crosslinker 
concentration. For these two porosities we generate the larger networks first and then cut 
out the smaller networks from these two samples. As mentioned in Chapter 2 the material 
Figure 3.2. (a) Swelling kinetics for spherical microgels from Chapter 2 transitioning 
from collapsed to swollen state. (b) Swelling kinetics for microgels (𝑁 = 12 and 
𝑘𝑏𝑒𝑛𝑑 = 5) with different porosities and sizes. In all cases we see good agreement 




that is cut is removed via a depth-first search algorithm [90]. For all cases we see that the 
computational model adheres to Tanaka’s theory very well. Thus regardless of the microgel 
structure or size in all cases we see that swelling is well described by a single time constant 
as suggested by Tanaka [9]. Figure 3.3 shows that the relaxation time increases with 
porosity and microgel size. The 𝑃93 networks are mechanically softer indicating that the 
swelling time should increase with decreases in the microgel moduli. For larger gel 
particles the swelling time increases because a larger quantity of solvent has to be expelled 
from the microgel network. Interestingly, as the microgel size increases the disparity in 
swelling times between 𝑃93 and 𝑃65 microgels increases. 
We also examine the microgel kinetics during deswelling, as shown in Figure 3.4. 
To deswell a given microgel, the initially swollen spherical microgel (𝑎 = 20) is 
introduced to a bad solvent (𝑎 = 35). The time evolution of the microgel size during 
deswelling is shown in Figure 3.4. We find that for microgels with high porosity (𝑃 ≈
86% − 95%, Figure 3.4a-b) the deswelling kinetics can also be fitted to Tanaka’s theory, 
although the agreement is somewhat less accurate when compared to the swelling process. 
For these microgels the kinetics for deswelling are faster than swelling. For 𝑃65 polymer 
networks (Figure 3.4c), the kinetics are not in good agreement with Tanaka’s theory. This 
Figure 3.3. Swelling time for networks from Figure 3.2b. Networks with larger 




indicates that for 𝑃65 the deswelling process cannot be described by a single time constant. 
For 𝑃65 we find that the kinetics for swelling are faster than deswelling.  
Figure 3.4. (a) Kinetics for spherical microgels from Chapter 2 transitioning from 
swollen to collapsed state. (b) Deswelling kinetics for high porosity microgels (𝑁 = 12 
and 𝑘𝑏𝑒𝑛𝑑 = 5). (a-b) For higher porosity microgels (𝑃 ≈ 86% − 95%) good 
agreement between simulations and theory is observed for sizes and structures 
considered here. This indicates that for these cases swelling is well described by a single 
time constant. (c) Deswelling kinetics for low porosity microgels (𝑁 = 12 and 𝑘𝑏𝑒𝑛𝑑 =
5). Deviations from Tanaka’s theory increase as the microgel size increases. Results 









Figure 3.5 shows snapshots of 𝑃93 microgel with 𝑁 = 12 that undergoes swelling 
(Figure 3.5a) and deswelling (Figure 3.5b) transitions. During swelling the microgel 
gradually increases in size while maintaining a nearly homogeneous structure (Figure 
3.5a). In contrast, during deswelling, the microgel exhibits a remarkably different internal 
structure at intermediate times. Our simulations indicate that deswelling from a fully 
swollen state proceeds through network coarsening that manifests as formation of chain 
bundles throughout the microgel (Figure 3.5b). Similar coarsening behavior has been 
reported for isochore phase separation in hydrogels [109]. Eventually, however, the 
microgel volume decreases and the solvent is expelled, allowing the microgel to shrink to 
its collapsed size. Note, that this process is different from rapid deswelling of mm sized 
macrogels, whereby a skin of collapsed gel is formed on the outer gel surface. This dense 
skin prevents solvent transfer from the hydrogel interior, thereby delaying the gel 
deswelling [110]. As it will be shown in the next section, the skin layer can also be 
generated at smaller microgel sizes if the microgel porosity is lowered. 
So far, we have only looked at how the kinetics change between the swollen (𝑎 =
20) and collapsed (𝑎 = 35) states. We can however also study the kinetics at intermediate 
states [8]. This allows us to characterize how the relaxation time and diffusion coefficient 
change throughout the volume phase transition. To achieve this, we start at 𝑎 = 20 and 
increase 𝑎 in small increments up to 𝑎 = 35. For each jump in the network-solvent 
repulsion we track how the microgel radius changes and fit the corresponding data to 
Tanaka’s theory for swelling. The maximum change in the microgel radius as 𝑎 is varied 
is 10%. The corresponding results are shown in Figure 3.6 below. From the plot in Figure 
3.6a we can see that the diffusion coefficient is minimized near the critical point. This is in 
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good agreement with experimental results for PNIPAM microgels [8]. Experimental 
findings also suggest that near the critical point, when the slope of the swelling curve is 
nearly vertical, the relaxation time becomes very slow [8]. The plot in Figure 3.6b shows 
this exact trend, as gel deswelling becomes more than an order of magnitude slower near 
the critical point.  
 
 
Figure 3.5. Simulation snapshots illustrating a microgel network with 𝑁 = 12 during 
(a) swelling and (b) deswelling. The bad and good solvent conditions are modelled 
using 𝑎 = 35 and 𝑎 = 20, respectively. Swelling is a homogeneous process. Large 
structural heterogeneities observed during deswelling as polymer chains bundle 
together to avoid solvent.  
Microgel deswelling 





3.3 Kinetic Arrest 
As shown in Figure 3.4c, for certain microgels, when transitioning from a swollen 
(𝑎 = 25) to a collapsed state (𝑎 = 35), the deswelling kinetics cannot be described well 
by Tanaka’s theory. In these cases, we find that deswelling cannot be described by a single 
time constant. Examining the microgel network structure for particle 𝑅 = 95 with 𝑃65 in 
Figure 3.7, we find that deswelling initially manifests in chain bundling as shown in Figure 
3.5b. Before the microgel could equilibrate to the collapsed state however, a dehydrated 
skin layer develops near the gel-solvent interface. This skin layer arrests the kinetics of the 
particle by preventing solvent from leaving the microgel interior. Figure 3.7 shows a series 
of cross-sectional snapshots which illustrate how chain bundling helps coarsen the internal 
microgel structure and ultimately leads to skin layer formation. Figures 3.5 and 3.7 
highlight the fact that skin layer formation is highly dependent on the microgel properties.  
Figure 3.6. (a) Plot showing variation in collective diffusion coefficient 𝐷 throughout 
the volume phase transition. (b) Plot showing how the relaxation time changes 
throughout the volume phase transition. The data presented is for 𝑁 = 12 with porosity 
𝑃93. The dotted lines are guides to the eye. 
(a) (b) 
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Figure 3.8a below shows how the polymer volume fraction 𝜙 varies radially 
throughout the microgel with time, once deswelling has been triggered. Here 𝜏𝑣 is the 
viscous timescale, 𝜏𝑣  =  𝑙1
2 𝜐𝑠𝑜𝑙𝑣⁄ , where 𝜐𝑠𝑜𝑙𝑣 ≈ 0.283 is the solvent viscosity, and 𝑙1 ≈
1.5 is the approximate network mesh size. The plot shows that in the skin layer indeed the 
polymer volume fraction is quite high, 𝜙 ≈ 96%. For analysis purposes once 𝜙 has 
reached 90% we consider the skin layer to be fully formed. Figure 3.8b shows that the 
timescale for skin layer formation 𝜏𝑠𝑘𝑖𝑛 varies linearly with the microgel size. Considering 
that the timescale for deswelling (up to skin layer formation) varies quadratically with the 
particle radius [9, 107], it becomes conceivable that for each microgel network a crossover 
point exists [8].  
Below this crossover point the timescale for deswelling is less than or equal than 
𝜏𝑠𝑘𝑖𝑛. As a result, the microgel equilibrates to the collapsed state before the skin layer has 
had a chance to form, as shown in Figure 3.5. Above the crossover point 𝜏𝑠𝑘𝑖𝑛 is smaller 
than the timescale for deswelling, which leads to kinetic arrest as the skin layer traps 
solvent particles inside the microgel, as shown in Figure 3.7. Experimental data shows that 
for millimeter-cm sized gels like PNIPAM the skin layer is always present [1, 54, 57, 111]. 
This supports the above hypothesis, since for large 𝑅 the deswelling timescale would 
Figure 3.7. Cross-sectional images of spherical microgel showing microstructural 




dominate. Thus, kinetic arrest is mainly dependent on the crosslink density (porosity) and 
particle size. For a given microgel the crosslink density affects the mesh size of the 
network. For example, for 𝑃65 and 𝑃93 networks the mesh size is 1.5 and 2.5, respectively. 
Meanwhile, the crosslink density of 𝑃65 networks is approximately 3.8 times larger than 
the crosslink density of 𝑃93 networks. As the mesh size decreases and chains get closer 
together bundling and coarsening is accelerated, leading to shorter 𝜏𝑠𝑘𝑖𝑛.  
Comparison in internal microstructure between 𝑃65 and 𝑃93 microgels is shown in 
Figure 3.9 below. Figure 3.9a shows how the polymer volume fraction varies radially in 
each microgel (𝑃65 and 𝑃93) after 1.2 million timesteps, 𝑡 = 1509𝜏𝑣. In Figure 3.9b-c we 
show equilibrated side and cross-sectional views of each microgel in 𝑎 = 35. Figure 3.9c 
shows that when the porosity is large the particle is able to collapse to a nearly dry state. 
In this case, the plot in Figure 3.9a shows that the skin layer thickness is comparable to the 
microgel radius (blue curves). Figure 3.9b shows that increasing the crosslink density 
time 
Figure 3.8. (a) Plot showing how polymer volume fraction 𝜙 varies radially throughout 
microgel during deswelling leading up to kinetic arrest. At 𝑡 = 1509𝜏𝑣 the polymer 
volume fraction is 𝜙 ≈ 0.96. (b) Plot showing how timescale for skin layer formation 
varies with microgel size for 𝑃65 microgels. 






makes the dry state inaccessible at this timescale. By increasing the crosslink density 𝜏𝑠𝑘𝑖𝑛 
is shortened which leads to kinetic arrest. In this case the skin layer thickness is much 
(a) 
Figure 3.9. (a) Polymer volume fraction at 𝑡 = 1509𝜏𝑣 after equilibration in 𝑎 = 35 
for 𝑃93 (𝑅 = 80) and 𝑃65 (𝑅 = 95) microgels. Side and cross-sectional images of 𝑃65 
(b) and 𝑃93 (c) microgels.  
P93 
P65 




lower, as shown in the plot in Figure 3.9a (red curves). Once the microgel kinetics have 
been arrested the radius remains constant at short timescales.  
Over time thermal fluctuations cause rearrangements in the trapped solvent 
domains inside the microgel. This can cause solvent domains near the skin layer to escape, 
leading to a reduction in the particle radius. This phenomenon, however, occurs on a 
timescale that is several orders of magnitude larger than the timescale for deswelling 
(without kinetic arrest). Additionally, as more and more solvent domains are released the 
skin layer grows in thickness which makes it more difficult for the rest of the trapped 
solvent to escape. In Figure 3.9a, we can see that the polymer volume fraction in the 
internal coarsened structure is ~60%, when the skin layer is fully formed. This is 
comparable to what is seen in experiments. Figure 3.9a does indeed indicate that the 
polymer volume fraction in the skin layer is close to one.  
In Figure 3.10a we plot the swelling ratio for microgels with both high and low 
porosity. The dotted lines in the plot show the theoretical maximum swelling ratio 𝛼𝑚𝑎𝑥 
based on the swollen and dry states. The solid lines show the swelling ratio 𝛼 after 1.2 
Figure 3.10. (a) Swelling ratio as a function of microgel size and porosity. (b) Plot 
showing how normalized swelling ratio 𝛼 𝛼𝑚𝑎𝑥⁄  depends on the radius to mesh size ratio. 




million timesteps of equilibration (𝑡 = 1509𝜏𝑣). Past this point the microgel has either 
collapsed to a dry state or entered kinetic arrest. For the high porosity microgels, it is 
evident that the skin layer does not play a big role since 𝛼 ≈ 𝛼𝑚𝑎𝑥. For the low porosity 
microgels however, the skin layer does make an impact since 𝛼 < 𝛼𝑚𝑎𝑥. Moreover, as the 
microgel size grows the disparity between 𝛼 and 𝛼𝑚𝑎𝑥 increases. This signifies that to 
maximize the nanoparticle/drug release from a given microgel the onset of kinetic arrest 
must be well characterized. A decrease in the microgel porosity decreases the microgel size 
at which kinetic arrest occurs, as shown in Figure 3.10b. In Figure 3.10b a ratio of 
𝛼/𝛼𝑚𝑎𝑥 < 1 indicates the onset of kinetic arrest.  
The results above indicate that nano sized microgel particles may be impervious to 
the arrested kinetics which larger microgels encounter. Currently the smallest nano-sized 
gels which can be fabricated have a diameter of about 20-50 nm [63, 101, 112]. Thus, there 
is a practical limit to how much the size of the gels can be decreased. Furthermore, such 
small particles have low capacity for encapsulated payload. Thus, it is important to identify 
structural parameters which can alter 𝜏𝑠𝑘𝑖𝑛. An interesting direction for future work is 
investigating how different crosslink distributions alter 𝜏𝑠𝑘𝑖𝑛. Experimentally most 
microgels have a normal or Gaussian crosslink distribution [113]. By better understanding 
how crosslink density and crosslink distribution affect skin layer formation the conditions 
under which kinetic arrest occurs can be better quantified. This information could then be 
used to improve existing microgel based drug therapies by helping maximize 
drug/nanoparticle release rates. 
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3.4 Shape-dependent Instabilities 
The formation of the stiff dehydrated shell also has an interesting impact on the 
mechanics of the microgel particles. As the shell is formed solvent outflow from the 
microgel core is arrested, leading to isochoric conditions at short time scales. When the gel 
attempts to deswell under the constraints imposed by the dehydrated skin layer, stress 
accumulation in the network can lead to mechanical instabilities, such as buckling, which 
in turn lead to large and rapid magnitude shape changes [1, 54]. Thus, studying stress 
development in these polymer networks during deswelling could lead to the design of novel 
microsensors and actuators. 
For non-spherical geometries deswelling can lead to lead to out-of-plane buckling 
[1] if the dehydrated skin layer is present. It has been shown that for toroidal PNIPAM 
macrogels rapid heating in a thermal bath can lead to increasingly complex buckling modes 
when the aspect ratio of the torii increases [1]. Once the dehydrated shell forms the volume 
of the torii becomes effectively fixed, as the kinetics of the network are arrested. Due to 
this, deswelling occurs under isochoric conditions, which causes the interior domain to 
form a heterogeneous distribution of distinct solvent and polymer rich phases within the 
dehydrated skin layer.  
For large aspect ratio microgels the distribution of these domains leads to large 
differences in the internal stresses of the toroid which drives the large-scale buckling 
deformations. Figure 3.11 shows data of low aspect ratio (𝐴𝑅 = handle radius / tube radius) 
toroidal gel (𝐴𝑅 = 3) in the collapsed state. The internal voids in the network are 
highlighted in Figure 3.11.  
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Modelling buckling in toroidal microgels using the DPD model outlined in Chapter 
2 is a computationally expensive task. In order to achieve buckling the skin layer needs to 
be small compared tube radius. This is important because the higher stiffness of the skin 
layer (since 𝜙𝑠𝑘𝑖𝑛 𝑙𝑎𝑦𝑒𝑟 ≈ 1) can act to suppress deformations. Experimentally it has also 
been shown that buckling occurs only for large aspect ratio gels (𝐴𝑅 > 3) [1]. To satisfy 
these two requirements the computational domains required are quite large, requiring 
between 0.5-1 billion particles. The large relaxation times of the polymer networks 
significantly increase the compute time required as well. As a result of these barriers the 
current efforts have been limited to examining lower aspect ratio gels (𝐴𝑅 = 3) where the 
skin layer thickness is approximately 20% of the tube radius, as shown in Figure 3.11. In 
this case however, we already see bending of the toroidal tube (Figure 3.11c) and small 
deformations of the toroidal shape, indicating the onset of buckling. 
To confirm whether a stiff toroidal shell can lead to buckling we create a simplified 
model that is composed of a toroidal shell constructed using a tetrahedral mesh with an 
average node spacing of∼0.35. Nodes in the mesh are connected by harmonic bonds. To 
mimic the effect of the gel heating rate, we arrange beads along the toroidal centerline and 
Figure 3.11. (a) Top view of deswollen toroidal microgel, 𝐴𝑅 =  3. (b) Top view of semi-
transparent surface mesh of deswollen toroidal particle, 𝐴𝑅 =  3. The internal voids can 
be seen in the darker green color. When deswollen rapidly the toroidal microstructure, 
internally coarsens becoming very heterogeneous. (c) Side view of toroid showing bending 
in toroidal tube. 
 
(a) (b) (c) 
 39 
connect them to the beads forming the shell. Mesh-centerline bonds are shown in the cross-
sectional view in Figure 3.12, where half of each bond is colored in blue (parts closer to 
the centerline bead) and the other half is colored in green (portion of the bond closer to the 
mesh bead). The initial equilibrium bond length for the mesh-centerline bonds was set to 
5. The harmonic bonds in the shell have stiffness  
𝑘𝑏𝑜𝑛𝑑,𝑠 = 500, while the mesh-centerline harmonic bonds have stiffness  
𝑘𝑏𝑜𝑛𝑑,𝑐 = 100. Note that we do not impose a DPD repulsion between the beads in the 
mesh, so that the mesh properties are characterized entirely by the bond stiffness. The 
repulsion between mesh-solvent beads is 𝑎𝑀−𝑆 =  100. The density of the fluid is 𝜌 ≈  3, 
yielding an average spacing between solvent beads of about 0.7. The smaller spacing 
between beads in the mesh and the relatively large repulsion between mesh-solvent beads 
ensures that solvent particles which are initially inside of the toroidal mesh remain trapped 
during the rapid heating process. To model rapid heating, we instantaneously decrease the 
Figure 3.12. Cross-sectional view of toroids for rapid heating simulations. The beads in 
the toroidal mesh and centerline beads are shown in green and blue, respectively. Each 




mesh-centerline equilibrium bond length from 5 to 3. The final bond length is selected 
based on the numerical stability of the shell model. 
Figure 3.13 illustrates the final buckled shapes for toroids with an aspect ratio of 4 
and 5. These large deformations are very similar to what is seen in experiments [1, 54]. 
Moreover, the model shows that for low aspect ratios buckling is not observed, which also 
agrees with experiments. The results from the toroidal polymer network model show that 
a dehydrated skin layer is present during rapid deswelling of toroidal microgels. The 
method illustrates the highly heterogenous coarsened structure in the toroid interior. The 
toroidal mesh model then confirms the hypothesis that a stiff external shell which blocks 
solvent outflow can buckle into highly irregular shapes when strained. 
It should be noted that buckling occurs only when the toroid is rapidly deswollen, 
i.e. instantaneous changes in solvency from 𝑎 = 25 to  𝑎 = 35. If the solvency is changed 
gradually, experimental results show that the toroidal gel will maintain its shape and aspect 
ratio throughout the deswelling process [1]. We find the same behavior in our simulations, 
as shown in Figure 3.14. The good agreement with experimental findings again highlights 
Figure 3.13. (a) Buckling of toroidal gel with an aspect ratio of 4. (b) Buckled shape of a 




that our microgel model correctly captures the microgel kinetics, as explained in section 
3.2. 
To generate the toroidal microgels for the quasistatic deswelling study (Figure 3.14) 
we utilize the random polymer network model from Chapter 2. To construct our toroidal 
gel network, we randomly distribute crosslink points in a 60×60×60 simulation domain and 
then connect them with nearby neighbors via flexible chains using a connectivity of 6. The 
toroidal geometries are cut out from the corresponding cubic networks and placed in a 
100×100×100 simulation domain filled with a viscous solvent with density 𝜌 = 3 
represented by DPD beads. Deswelling of toroidal gels is achieved by varying the gel-
solvent repulsion parameter 𝑎. To model the collapse of the toroidal microgel, we start at 
𝑎 = 25 and slowly decrease the solvency until we reach 𝑎 = 35. 
3.5 Summary 
The results presented in this section show that the current mesoscale microgel 
model captures the kinetics of experimental microgels well. In section 3.2 we illustrated 
how swelling and deswelling proceed when the dehydrated skin layer is absent. In both 
Figure 3.14. (a) Slow deswelling of toroidal microgel with an aspect ratio of ~5.8. 
(b) Comparison between simulations and experiments for slow deswelling of toroidal 





cases we show that the kinetics agree well with Tanaka’s theory for swelling, regardless of 
the microgel size, porosity, or length of constituent chains (Figure 3.2ab and Figure 3.4ab). 
Additionally, by incrementally varying the solvency of a spherical microgel particle we 
show that the collective diffusion coefficient of a microgel is minimized near the critical 
point. As a result of this the relaxation time and network friction coefficient increase by 
more than an order of magnitude near the critical point. These results are in good agreement 
with experimental findings. 
To characterize the formation of the skin layer, we monitor how the polymer 
volume fraction varies radially. This analysis shows that the timescale for skin layer 
formation is linearly dependent on the microgel size. The fact that the timescale for 
deswelling is quadratically dependent on the microgel radius suggests that for a given 
microgel network a critical size 𝑅𝑐 exists at which the timescale for skin layer formation 
𝜏𝑠𝑘𝑖𝑛 is equal to the timescale for deswelling. For 𝑅 < 𝑅𝑐 it is expected that the timescale 
for swelling 𝜏𝑠𝑤𝑒𝑙𝑙 will be larger than the timescale for deswelling 𝜏𝑑𝑒𝑠𝑤𝑒𝑙𝑙. In this regime 
the deswelling kinetics are sped up by chain bundling and network coarsening (Figure 3.5). 
For 𝑅 > 𝑅𝑐 however the particle enters an arrested state which significantly extends the 
timescale for deswelling. In this regime swelling is expected to be much faster than 
deswelling. In the special case where 𝑅 ≈ 𝑅𝑐 the skin layer thickness is comparable to the 
microgel radius. Hence by the time the skin layer is formed the microgel is in a nearly dry 
state. For this case 𝜏𝑑𝑒𝑠𝑤𝑒𝑙𝑙 should still be less than 𝜏𝑠𝑤𝑒𝑙𝑙.  
Lastly, we illustrate the impact that the dehydrated skin layer can have on the 
mechanics of toroidal microgels. For toroidal microgels the dehydrated skin layer can 
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induce buckling for large aspect ratios. In these cases, the bending energy becomes much 
smaller than the extensional energy. As a result, the toroidal microgels buckle out of plane 
to equilibrate the internally generated stresses [1]. Such materials could be utilized to create 





CHAPTER 4. MIRCOGEL MECHANICS 
4.1 Introduction 
The previous two chapters illustrated the large volume changes which microgels 
undergo near the critical point. As a given microgel particle deswells microgel chains are 
brought closer together, decreasing the mesh size. The most apparent impact of the 
decrease in mesh size is the increase in the refractive index. As the particle deswells the 
diffraction pattern inside the microgel network changes, which increases the turbidity of 
the gel. As a result the initially transparent network becomes more opaque [114]. Along 
with these changes near the critical point the mechanical properties also vary greatly. When 
the microgel is swollen it is soft and deformable, due to the high porosity. In the collapsed 
state a given microgel becomes several orders of magnitude stiffer, as a large quantity of 
solvent is expelled from the network.  
As outlined in the previous chapter variations in the structural parameters of each 
polymer network can significantly impact the deswelling kinetics. As illustrated in section 
3.2 of Chapter 3 this also has significantly implications on the mechanical properties of 
each network. In this chapter we illustrate how mechanical properties like the bulk (𝐾), 
shear (𝐺), and Young’s (𝐸) moduli can be measured directly. Consolidating these findings 
with the kinetic data from the previous chapter helps strengthen our understanding of the 




4.2 Microgel Mechanics 
We measure the bulk modulus of our mesoscale gels by quasi-statically varying the 
total osmotic pressure imposed on the microgel network. To change the osmotic pressure, 
we create a semi-permeable spherical shell around the microgel (Figure 4.1). The spherical 
shell interacts with the gel particles via a harmonic potential, while the solvent particles are 
allowed to pass freely through the shell. Varying the radius of the spherical shell thus 
effectively mimics a change in the osmotic pressure. For each solvency 𝑎, we vary the 
radius of the semi-permeable shell and evaluate the corresponding network volume and 
pressure. To find the microgel volume 𝑉, we construct a surface mesh around the gel. The 
network pressure is calculated as 𝛱𝑛𝑒𝑡𝑤𝑜𝑟𝑘 = 𝑊(𝜎𝑥𝑥
𝑎𝑣𝑒 + 𝜎𝑦𝑦
𝑎𝑣𝑒 + 𝜎𝑧𝑧
𝑎𝑣𝑒) 3𝑉⁄ , where 𝑊 is 
the number of microgel beads in the network, and 𝜎𝑖𝑖
𝑎𝑣𝑒 is the average normal stress per 
bead in the 𝑥, 𝑦, and 𝑧 directions. The stress is averaged over all beads in the microgel 
network.  
Figure 4.2a shows the network pressure 𝛱𝑛𝑒𝑡𝑤𝑜𝑟𝑘 as a function of microgel volume 
𝑉. The pressure is calculated for different values of solvency 𝑎 at the linear region of 
microgel compression, where 𝛱𝑛𝑒𝑡𝑤𝑜𝑟𝑘 is a linear function of 𝑉 (see the inset in Figure 
4.2a). The variation of 𝛱𝑛𝑒𝑡𝑤𝑜𝑟𝑘 with 𝑉 in this linear region is used to evaluate microgel 
bulk modulus as follows 𝐾 = 𝑉
𝛥𝛱𝑛𝑒𝑡𝑤𝑜𝑟𝑘
𝛥𝑉
. This procedure is repeated for different 𝑎 
covering the entire range of microgel swelling transition. As in Chapter 2 all dimensional 




Figure 4.2b shows the resultant bulk moduli 𝐾 for microgels with different 𝑁 
through the volume phase transition. We find that the bulk modulus monotonically 
increases as the solvency decreases. This increase in 𝐾 is related to a decrease in the 
microgel porosity and an increase in the crosslink density 𝜌𝑐 as 𝑎 increases. In good solvent 
Figure 4.1. Illustration of bulk modulus measurements. Images show the 
microgel inside a spherical shell. Yellow points represent solvent beads while 
green points represent microgel beads. Decreasing the radius of the semi-
permeable shell increases the osmotic pressure on the microgel. 
Increasing osmotic pressure 
Figure 4.2. (a) Network pressure as a function of microgel volume for different chain 
lengths throughout the volume phase transition. The inset shows network pressure as 
a function of gel volume for  and . The solid line in the inset represents 
the slope of the linear region of the microgel deformation. (b) Bulk modulus data from 
simulations and corresponding fits to the Flory-Rehner theory (solid dashed lines). In 
bad solvents, all microgels have the same bulk modulus. In good solvents, the 




𝑎 ≲ 25 (swollen state), the bulk modulus decreases with 𝑁. In this case, increasing 𝑁 
decreases the crosslink density resulting the gels softening. This softening of the microgels 
with increasing 𝑁 also leads to a sharper volume phase transition (Figure 2.5a).  
Analytically, the microgel bulk modulus can be evaluated using Flory-Rehner 
theory, which postulates that, for nonionic gels, the total osmotic pressure 𝛱𝑡𝑜𝑡𝑎𝑙 is 
composed of a mixing osmotic pressure 𝛱𝑚𝑖𝑥 due to polymer-solvent mixing and an elastic 
osmotic pressure 𝛱𝑒 due to network elasticity [13]. Note that 𝛱𝑡𝑜𝑡𝑎𝑙 corresponds to 
𝛱𝑛𝑒𝑡𝑤𝑜𝑟𝑘 in our simulations. At equilibrium with pure solvent, 𝛱𝑚𝑖𝑥 balances 𝛱𝑒. Using 
that 𝐾 = 𝜙
𝜕𝛱𝑡𝑜𝑡𝑎𝑙
𝜕𝜙
 and Flory’s description of 𝛱𝑚𝑖𝑥 and 𝛱𝑒, we can obtain an expression for 




















− 2𝜒𝜙2), where 
𝜙 = 1 − 𝑃 is the polymer volume fraction, 𝑁𝑐 𝑉0⁄  is the number of polymer chains in the 
preparation state per volume, which corresponds to the nearly collapsed state in our 
simulations, 𝑣𝑠 is the molar volume of the solvent, 𝜙𝑜 is the volume fraction in the 
preparation state, and 𝜒 is the solvency parameter. For our microgel, we evaluate the 
solvent molar volume as 𝑣𝑠 = 𝑟𝑐,𝑝
3 𝑁𝐴 𝜌⁄ , where 𝑟𝑐,𝑝 is the physical size of cutoff radius 𝑟𝑐 







N kbT/vs Ncvs/Vo 𝜒0 𝜒1 𝜒2 
6 1.02×10-21 4.88×1022 0.49102 0.05018 0.50264 
9 1.05×10-21 4.90×1022 0.50956 0.05097 0.50783 
12 9.97×10-22 5.28×1022 0.51357 0.05091 0.49995 
24 1.08×10-21 5.09×1022 0.50725 0.05 0.49755 
We fit our simulation results for 𝐾 versus 𝑎 with Flory-Rehner’s theory, using the 
relation between 𝛱𝑡𝑜𝑡𝑎𝑙, and thus 𝜙, with 𝑎. We consider the solvency parameter as a 
function of the polymer volume fraction 𝜒 = 𝜒0 + 𝜒1𝜙 + 𝜒2𝜙
2 and set 𝑘𝑏𝑇 𝑣𝑠⁄ , 𝑁𝑐𝑣𝑠 𝑉𝑜⁄ , 
𝜒0, 𝜒1, and 𝜒2 as fitting parameters. In our simulations, the number of polymer chains per 
volume in the preparation state is 𝑁𝑐 𝑉𝑜⁄ ~0.25. The obtained values of the fitting 
parameters are summarized in Table 1; these are nearly independent of chain length 𝑁.  
The resulting fits to our bulk modulus data correctly describe our simulations 
results, as shown in Figure 4.2b. We note that if the fits are performed assuming 𝜒 is 
linearly dependent on 𝜙, good agreement between our simulations and the theory cannot 
be obtained. Thus, the quadratic dependence of 𝜒 on 𝜙 is essential. This is consistent with 
previous experiments, and suggests that many-body interactions become important near 
the swelling transition [13].  
Table 4.1. Fitting parameters from bulk modulus fits 
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Using the results for 𝜒 from the fits, we can connect how this parameter depends 
on the network-solvent repulsion coefficient 𝑎. This is shown for different 𝑁 in Figure 4.3. 
We find that the 𝜒 − 𝑎 dependence is not sensitive to the value of 𝑁. Furthermore, in good 
solvent the solvency parameter is about 0.5, whereas in bad solvent it increases to ~1. This 
behavior agrees reasonably well with experimental data [11, 14, 15]. 
To obtain the shear modulus of our particles we initially calculate the Young’s 
modulus by deforming the microgel particles with 2D plates. For this case the Young’s 
modulus is given as: 𝐸 =  (1 2𝑟𝑐⁄ )(𝑑𝐿 𝑑𝜆⁄ ), where rc is the Hertzian contact radius, L is 
the applied load, and 𝜆 is the displacement of the plate [116, 117]. The derivative 𝑑𝐿 𝑑𝜆⁄  
can be calculated by tracking the stresses one each plate along with the corresponding 
displacement 𝜆. The Young’s modulus measurements are taken in the linear stress-strain 
regime. The compression of a microgel particle is illustrated in Figure 4.4. For each 
measurement we compress the microgels in the 𝑥, 𝑦, and 𝑧 directions and then average the 
corresponding results for 𝐸. Once measurements for E are obtained, we use the relation 
𝐺 =  3𝐾𝐸 / (9𝐾 –  𝐸) for isotropic linear elastic materials. Data for the case N = 12 at 
Figure 4.3. Relationship between the Flory-Huggins solvency parameter and 
the network-solvent repulsion in DPD simulations. 
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𝑘𝑏𝑇) is shown in Figure 4.5 [61].  The plot in Figure 4.5a shows that 
microgel stiffness increases by about 2 orders of magnitude between good and bad solvent. 
The poroelastic theory shown in Figure 4.5b captures the trends in our data well. Some 
deviation from the theory is seen near 𝑎 ≈ 32, but this occurs due to the partially collapsed 
asymmetrical shapes of the gel particles. This is shown in inset of Figure 4.5b. The 
𝜆 / 2 
Figure 4.4. Illustration showing microgel compression between two plates. 
Throughout the compression process the force on each plate is calculated allowing the 
Young’s modulus to be determined. 
Figure 4.5. (a) Plot showing how 𝐸 changes with strain and solvent quality. As the 
particle collapses and approaches the dry state the Young’s modulus increases 
approximately an order of magnitude. (b) In this plot we calculate the shear modulus 
using measurements for 𝐾 and 𝐸 and the relation for isotropic linear elastic materials 
𝐺 =  3𝐾𝐸 / (9𝐾 –  𝐸). The theoretical line is based on poroelastic theory. 
(a) (b) 
a = 32 a = 35 
 51 
agreement between simulations and theory in Figure 4.5b signifies that poroelastic theory 
could be used in leu of the Young’s moduli measurements shown in Figure 4.4.  
Considering that now both 𝐾 and 𝐺 are available, the friction factor of a microgel 
network with 𝑁 =  12 throughout the swelling transition could be calculated using the 
data from Chapter 3, according to the relation 𝑓 = (𝐾 + 4𝐺 3⁄ ) 𝐷⁄ . The variation in the 
friction factor with 𝑎 is illustrated in Figure 4.6. The plot shows that near the critical point 
(𝑎 ≈ 29) 𝑓 drastically increases as the collective diffusion coefficient 𝐷 decreases. The 
decrease in the collective diffusion coefficient is shown in Figure 3.6a. Away from the 
critical point in good solvent (𝑎 ≈ 25) the friction coefficient is in the range of 2-10. 
Meanwhile in the bad solvent regime (𝑎 ≈ 32 − 35) 𝑓 varies between 200-400. 
4.3 Summary 
At this point we have characterized the variations in 𝐾, 𝐸, and 𝐷 independently, 
which has also allowed us to infer how  𝐺 and 𝑓 vary with solvency. The changes in the 
bulk modulus show good agreement with Flory-Rehner theory. More importantly, the 
Figure 4.6. Plot showing how the friction coefficient changes throughout the swelling 
transition for a microgel network with 𝑁 = 12. In good solvent (𝑎 ≈ 25) the friction 
coefficient is approximatelly 2-10. In bad solvent (𝑎 ≈ 32 − 35) 𝑓 ranges between 
200-400, which represents more than an order of magnitude increase. Near the critical 
point (𝑎 ≈ 29) 𝑓 is maximum, due to the significant decrease in 𝐷. 
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trends seen in experiments are captured well. In Chapter 2 we showed that as 𝑁 increases 
the volume phase transition becomes sharper. Previously, Hirotsu has indicated that this 
trend occurs due to a softening of the microgel networks [10]. The data in Figure 4.2b 
confirms that. Figure 4.2b shows that as the average number of beads per chain 𝑁 increases 
the bulk modulus 𝐾 in good solvent decreases. In addition, the Flory-Rehner fitting allows 
us to establish a connection between the network-solvent repulsion parameter in our DPD 
simulations and the experimentally trackable Flory-Huggins parameter. 
We also showed that by compressing each microgel particle with 2D plates we can 
determine the Young’s modulus. This procedure can be carried out for different microgel 
networks and different solvent conditions. An important observation in our measurements 
is that at different solvencies asymmetrical shapes can produce different values for 𝐸 
depending on the direction of compression. Using the obtained Young’s modulus data, we 
showed that the corresponding shear moduli 𝐺 values are in good agreement with 
poroelastic theory, which has been shown to describe experimental microgels well. 
 Lastly, we demonstrated that the mechanical measurements, coupled with the 
collective diffusion coefficient computations, from Chapter 3, can be used to determine the 
friction coefficient for a given microgel network. The results show that near the critical 
point the friction coefficient increases significantly owing to the decreasing collective 
diffusion coefficient. In the next chapter we build on the previous results by examining the 




CHAPTER 5. COMPRESSED MICROGEL SUSPENSIONS 
5.1 Introduction 
Microgels suspensions are a class of soft matter systems with a very diverse and 
rich mechanical behavior [58-61, 91, 114, 118, 119]. The unique character of these systems 
is owed to the soft and responsive nature of the constituent microgel particles which 
typically vary in size from 50 𝑛𝑚 to 10 𝜇𝑚 [63, 113]. Microgels consist of fully flexible 
polymer chains which are chemically linked at crosslinking sites [120, 121]. The flexibility 
of the polymer chains imparts on each network a high degree of deformability [92]. The 
distribution of crosslinking sites throughout the microgel volume strongly impacts the 
shape, mechanics, and structure of the microgel [113].  
Typically, microgels have a relatively low degree of crosslinking that allows these 
particles to obtain high porosities in the swollen state [59, 91]. When the solubility of the 
network is changed an osmotic pressure difference arises [13] that leads to network 
collapse, often resulting in a 10 and even 100-fold decrease in the microgel volume [122-
124]. The large changes in volume and network internal structure yield discernable changes 
to the microgel mechanics drastically altering the bulk mechanical properties of microgel 
suspensions, as shown in Chapter 4. Variation in the solvency introduces an attractive force 
between polymer chains, which lead to microgel-microgel interpenetration [114]. 
Experimentally measuring the degree of interpenetration and deformation of individual 
microgels in the suspension is challenging, which makes understanding the impact on the 
mechanics of the suspension difficult [125, 126]. In this regard computational modelling 
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offers a unique opportunity to gain insight into the behavior of individual microgels at a 
variety of packing states and solvent conditions. 
For suspensions of rigid particles, suspension properties are well described by the 
packing fraction, 𝜑 = 𝜅𝑉 𝑉𝑠𝑢𝑠⁄ , where 𝜅 is the number of particles in a suspension with 
volume 𝑉𝑠𝑢𝑠, and 𝑉 is the volume of a single particle. This definition relies on the 
instantaneous volume 𝑉, which in the case of rigid particles is constant, and leads to 𝜑 <
1. In the case of microgel suspensions, the microgel volume can vary significantly due to 
compression or variations in the solvency. We therefore introduce a generalized packing 
fraction, 𝜓 = 𝜅𝑉𝑒𝑞 𝑉𝑠𝑢𝑠⁄ , which uses the equilibrium microgel volume in dilute conditions 
𝑉𝑒𝑞 as a reference point. In a dilute suspension 𝑉𝑒𝑞 approaches 𝑉 and thus 𝜓 ≈ 𝜑, but as 
compression increases 𝜓 can increase significantly above one. 
5.2 Computational Setup 
Our simulations are conducted within the DPD framework outlined in Chapter 2, 
where we use beads with mass 𝑚 = 1, 𝑟𝐶 = 1, 𝛾 = 4.5, 𝑘𝐵𝑇 = 1 [70]. The integration 
time step is set to 𝛥𝑡 = 0.01. Henceforth, all dimensional parameters are expressed in DPD 
units, unless indicated otherwise. All simulations are carried out using the LAMMPS 
software [127]. We use a bead-spring model to model individual microgel particles in the 
microgel suspension. Following our previous work from Chapters 2-4, for our bead-spring 
model we set 𝑟𝑐𝑆𝑅𝑃 = 0.5, 𝐶 = 100, 𝑘𝑏𝑜𝑛𝑑 = 35, 𝑟𝑒𝑞 = 0.6, and 𝑘𝑏𝑒𝑛𝑑 = 5 [120]. 
To mimic changes in the microgel solvability, we vary the repulsion between 
polymer and solvent beads 𝑎 in the range of 25-35 [120]. All other bead-bead interactions 
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𝑎𝑖𝑗 are set to 25. Good solvent is represented by 𝑎 = 25 (swollen state), whereas 𝑎 = 35 
represents bad solvent (collapsed state). When 𝑎 is varied from 25 to 35, microgels undergo 
a reversible volume phase transition from a fully swollen to a fully collapsed state [120].  
Figure 5.1 illustrates the four different microgel particles we used to construct our 
suspensions. The corresponding polymer network properties for each network are given in 
Table 5.1. Gel networks in Figures 5.1b and 1c are created by randomly distributing 
crosslink points that are then randomly connected by polymer chains [87]. The spatial 
distribution of crosslinkers in these gels is schematically shown in Figure 5.1a. In Figures 





2 (2𝑅/3)2⁄  relative to the particle center, where 𝑅 is 
the microgel radius. This crosslinker distribution is illustrated in Figure 5.1d. Each 
crosslinker is limited to have a maximum of four connections. The polymer networks with 
normal crosslinker distribution are selected to more closely represent the crosslinking 
structure of experimental microgels [128]. Experimentally, comonomer reactivity rates 
usually differ, which restricts most microgels to have a normal or Gaussian crosslink 
distribution [113]. In these cases, the majority of polymer chains are located near the 
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particle center/core, where most of the crosslinking occurs. Near the gel-solvent interface 
the sparse distribution of crosslinking sites creates an irregular surface comprised of long 
dangling chains. For PNIPAM particles however, regularization of the polymerization 
process makes it possible to create microgel particles with a nearly uniform crosslink 
distribution [113]. These polymer networks have a homogeneous polymer chain 
distribution, as a result of the even distribution of crosslinking sites. 
a) 
Figure 5.1. (a-d) Illustration of different microgel particles in swollen state used to 
construct suspensions. The plots in figure (a) and (d) illustrate what the crosslink 
distribution in each network looks like. Microgel particles I and II, which have a uniform 
crosslinker distribution are shown in (b) and (c), respectively. These particles tend to 
have on average fewer dangling chains than particles with a normal crosslink 
distribution. Particles III and IV, which have a normal crosslinker distribution are shown 
in (e) and (f), respectively. Particles (b), (c), and (f) have approximately the same 
number of monomers, whereas the number of monomers of particle (e) is approximately 
40% higher than other particles.  
b) c) 
f)  e)  d) 















I Uniform 34,080 1,840 12 99,000 5.4 
II Uniform 35,030 845 20 132,000 2.4 
III Normal 48,236 2,903 11 135,000 6 
IV Normal 34,674 1,632 12 119,000 4.7 
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The microgels in Figures 5.1b, 5.1c, and 5.1f have approximately the same number 
of monomers and hence have similar molecular weights, whereas the microgel in Figure 
5.1e has a roughly 40% higher molecular weight. Figure 5.1e-f shows that microgels with 
a normal crosslink distribution tend to have longer dangling chains at the microgel outer 
surface. For microgels I, II, and III chain lengths are allowed to vary about 14% around the 
mean value. Meanwhile, for microgel IV, the chain length varies about 70% around the 
mean. Thus, while both networks III and IV have normal crosslink distributions the chain 
length distribution of network IV is much wider. Due to this network IV has much longer 
dangling chains at gel-solvent interface. 
The volume of microgels is defined using a surface mesh that is constructed using 
a probe with a radius of about 2/3 of the average crosslink spacing. Such probe size 
corresponds to approximately 0.45 of the contour length of each chain. The crosslinking 
distance and chain length are evaluated for each network after equilibration in good 
solvent. We find that the use of a smaller probe radius can result in large voids inside the 
microgel. On the other hand, a larger probe radius does not allow us to capture minute 
changes in the volume occurring at the microgel surface. Surface meshing is done using 
the OVITO software [94], where internal voids in the mesh are removed [129, 130]. 
To create the microgel suspensions, we introduce 𝜅 = 106 identical microgel 
particles into a cubic computational domain with periodical boundaries and volume 𝑉𝑏𝑜𝑥. 
The packing fraction 𝜓 is defined as 𝜓 =  𝜅𝑉𝑒𝑞 𝑉𝑏𝑜𝑥⁄  , where 𝑉𝑒𝑞 is the equilibrium volume 
of an isolated microgel at given solvent condition. In this study, we examine the suspension 
behavior when the packing fraction 𝜓 is varied by either changing 𝑉𝑒𝑞 or 𝑉𝑏𝑜𝑥, which we 
refer to as the solvency method and the volumetric method for changing 𝜓, respectively. 
 58 
In the volumetric method, we keep the network solvency fixed and vary 𝑉𝑏𝑜𝑥 to 
alter 𝜓 in the range between 0.2 and 5.5. To this end, the computational box is deformed 
in 0.2 box increments per 10,000 timesteps along each dimension. Once the required 
packing fraction is obtained, the suspension is equilibrated for an additional 500,000 
timesteps. The largest computational box used in the simulations is 300 × 300 × 300. The 
suspensions with low packing fractions 𝜓 < 0.5 are generated by removing microgels from 
the suspension. The total particle density in the computational box is maintained at 𝜌 = 3 
[120]. Figures 5.2a-d illustrate the volumetric compression of a suspension of uniformly 
















5.3 Characterizing Individual Microgels in Suspension 
Microgel suspensions are composed of highly compressible microgel particles that 
in the swollen state can retain a large quantity of liquid, with porosity 𝑃 =
𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑁𝑡𝑜𝑡𝑎𝑙⁄ > 0.9, where 𝑁𝑠𝑜𝑙𝑣𝑒𝑛𝑡 is the number of solvent beads inside the microgel 
and 𝑁𝑡𝑜𝑡𝑎𝑙 is the total number of solvent and chain beads in the microgel. This gives 
microgel suspensions the ability to deform significantly when volumetrically compressed 
by external forces that drive the solvent out from the suspension. Thus, in contrast to rigid 
colloids, compressed microgel suspensions can have generalized packing fraction 𝜓 
significantly exceeding one. Furthermore, for many microgel particles, solvent conditions 
Figure 5.2. (a-d) Snapshots illustrating a decrease in 𝜓 for the volumetric method in 
suspension I. (e-j) Snapshots illustrating a decrease in 𝜓 for the solvency method in 
suspension I. Images (a) and (e) correspond to high compression in good solvent, 𝑎 = 25 
and 𝜓 = 4.3. (g-h) The critical point for the solvency method occurs between 𝑎 = 29 −
30. The volumetric (d) and solvency (j) methods produce very different low 𝜓 states.  




























could be varied via environmental stimuli, such as temperature and pH, thereby causing 
microgels to change their equilibrium volume 𝑉𝑒𝑞. Thus, solvency change can be also used 
to alter 𝜓 for suspensions with fixed volume. Note that the change in solvency also affects 
interparticle interactions. 
We examine these two different methods for changing 𝜓. As shown in Figure 5.2, 
both methods yield similar suspension structure at high 𝜓 > 1. However, the suspension 
structure differs noticeably between these two methods at low packing states 𝜓 < 1. With 
the volumetric method (Figure 5.2d), the suspension is in good solvent with microgels 
evenly distributed, forming a colloidal fluid phase. With the solvency method (Figures 
5.2h-j), low packing states are achieved under bad solvent conditions, leading to colloidal 
gelation and the formation of a space-spanning colloidal microgel network.  
In Figure 5.3a, for the volumetric method, we plot the average particle volume in 
the suspension as a function of the generalized packing fraction for suspensions comprised 
of microgels with different crosslink distributions. The average particle volume is 
normalized by 𝑉𝑒𝑞25 , which is the single particle equilibrium volume at solvency 𝑎 = 25 
(good solvent). For the volumetric method the particle volume equals 𝑉𝑒𝑞25  at 𝜓 < 0.5, 
since in this range of 𝜓 the suspension is relatively dilute and the microgels can adopt their 
equilibrium size and shape. As the generalized packing fraction increases to about 0.67 the 
particles jam. Figure 5.3a shows that for 0.67 < 𝜓 < 1.5 the average particle volume 
decreases as the particles deform and interpenetrate. For 𝜓 > 1.5, the volume scales as 
𝑉~𝜓−1 shown by the solid line in Figure 5.3a. This scaling can be derived with the 
assumptions that interpenetration is not significant and the volume of compressed 
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microgels approaches 𝑉 ≈ 𝑉𝑏𝑜𝑥 𝜅⁄  and hence 𝜓 ≈ 𝑉𝑒𝑞 𝑉⁄ .  The agreement of the simulation 
results with the 𝑉~𝜓−1 scaling indicates that for the volumetric method, at high 
generalized packing fractions, the suspension changes its volume via deswelling of 
individual microgel particles and the interpenetration does not play a major role. This is 
valid for microgels with normal and uniform crosslink distributions, and agrees with 





Figure 5.3. (a) Plot showing how the average microgel volume in the suspension varies 
with 𝜓 for volumetric method. (b) Plot showing how the average microgel volume in the 
suspension varies with 𝜓 for the solvency method. The solid black line in plots (a-b) 
represents the accessible volume per particle in the suspension, 𝑉𝑏𝑜𝑥 𝜅⁄ . Here 𝑉𝑒𝑞25 is the 
particle volume in good solvent. The dotted line in plot (b) shows the equilibrium volume 
for microgel I in the bad solvent regime (29 < 𝑎 <  35). Plot of radial penetration data 
for volumetric (c) and solvency (d) methods. At low 𝜓 large differences in radial 
penetration are observed between the two methods. For the solvency method, at low 
packing fractions phase separation leads to an increase in particle-particle penetration, 





Figure 5.3b shows the magnitude of radial interpenetration of microgels for the 
same range of packing fractions as shown in Figure 5.3a. The penetration depth is 
normalized by the average crosslink distance of the microgel particles. When volumetric 
compression is applied to the suspension, the degree of interpenetration is nearly zero when 
𝜓 ≲ 1 and gradually increases with packing fraction when 𝜓 > 1. Note that even at the 
highest compression state considered in our simulations, the particle interpenetration 
remains much smaller than the average microgel crosslink distance. We note that we do 
not find any significant difference in radial penetration between microgels with normal and 
uniform crosslink distributions. 
The dependence of the average microgel volume on 𝜓 varies between the 
volumetric and solvency methods. Figure 5.2e-j illustrates how state of the suspension 
changes when the solvency is varied. The figure shows that the suspension rapidly 
rearranges itself near the critical point (𝑎 ≈ 29.5) where the gelation occurs. The gelation 
prevents relative motion microgel particles in the suspension. This is in contrast to the low 
packing state of the volumetric method (Figure 5.2d), where microgel particles can 
rearrange easily with time. As shown in Figure 5.3c indeed with the solvency method the 
average particle volume is nearly constant when 𝜓 > 1 up to the largest 𝜓 we tested and 
decreases with decreasing 𝜓 for 𝜓 < 1. Thus, when the swollen microgels fill 𝑉𝑏𝑜𝑥 
resulting in  𝜓 > 1, the particle volume does not change with solvency and remains equal 
to approximately 𝑉𝑏𝑜𝑥 𝜅⁄ . However, in bad solvent the microgels deswell and the 
suspension undergoes gelation, which in turn decreases the volume occupied by microgels 
below 𝑉𝑏𝑜𝑥 𝜅⁄ . Note that the normalized volume data for microgels with uniform and 
normal crosslink distributions exhibit similar behavior. Changing the box size at which the 
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solvency is varied shifts the volume curve along the vertical axis, as shown by suspension 
IV in Figure 5.3c.  
To further analyze the microgel volume change in the suspension for the solvency 
method, we compare the volume data for suspension I to the volume of a single microgel 
particle (not in suspension) that is equilibrated under identical solvent conditions. The 
single microgel data 𝑉 𝑠𝑖𝑛𝑔𝑙𝑒 is shown in Figure 5.3a by the dotted line. Given that for a 
single microgel particle the volume changes roughly 10-fold between the collapsed and 
swollen states, in bad solvent we expect 𝑉 𝑉𝑒𝑞⁄  to approach ~0.1. Indeed, the line for single 
particle volume 𝑉 𝑠𝑖𝑛𝑔𝑙𝑒 shows this but interestingly this is not the case for microgels in the 
suspension. We find that at bad solvent, corresponding to 𝜓 < 1, microgels in the 
suspension have greater volumes than 𝑉𝑠𝑖𝑛𝑔𝑙𝑒. Thus, at bad solvent conditions, microgels 
in the suspension remain more swollen. This can be attributed to the interpenetration of 
neighboring microgel particles. As shown in Figure 5.3d, for the solvency method 
interpenetration increases once gelation occurs, which for suspension I happens at 𝜓 ≲ 1.  
At bad solvent, gel-solvent interactions are unfavorable which promotes 
interpenetration of neighboring microgels which is further enhanced by microgel gelation. 
As shown by suspension IV in Figure 5.3d when the solvency is varied at a lower 𝜓 the 
critical point can be shifted to 𝜓 < 1 which causes the interpenetration to significantly 
decrease for 𝜓𝑐 < 𝜓 < 1. Here, 𝜓𝑐 is the generalized packing fraction at the critical point. 
In this case, microgel interpenetration is reduced by entropic forces that detach microgels 
and fluidize the suspension. Gelation of suspensions in 𝜓 < 𝜓𝑐 results in interpenetration 
that increases as the solvency worsens and 𝜓 decreases. We find that for gelated 
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suspensions, the interpenetration depth is ~10 − 20% of the crosslink distance, which is 
very similar to interpenetration depth of the volumetric method in highly compressed state.  
The crosslink distribution does have a noticeable effect on the deformation of 
microgel particles in the suspension. Figure 5.4a illustrates how the ratio of surface area to 
microgel volume 𝑆 changes with solvency in the suspension I, III, and IV. The markers in 
the plots show 𝑆 for microgels in the suspension, whereas the solid lines show 𝑆 for a 
standalone microgel particle. The dotted lines show 𝑆 of a sphere with volume identical to 
the average microgel volume in the suspension.  
Figure 5.4a shows that 𝑆 in the suspension increases when the solvency decreases 
in the range 30 < 𝑎 < 35. This increase of 𝑆 occurs due to increased deformation of 
microgels, which makes the particles more aspherical. The increase in 𝑆 is more 
pronounced for suspensions of microgels with normal crosslink distributions.   
Figure 5.4. (a) Surface area to volume ratio 𝑆 of different microgel suspensions for the 
solvency method. Markers show 𝑆 for microgel particles in the suspension. The solid lines 
show the 𝑆 ratios for a single microgel particle that is freely equilibrated (i.e. not in 
suspension) in solvent. Dotted lines show 𝑆 ratios of spherical particles with same volume 
as the single microgel particles, represented by the solid lines. (b) 𝑆 of different microgel 
suspensions for the volumetric method. The solid black line shows 𝑆 for a single microgel 
particle with a normal crosslink distribution. The red and green dotted lines show 𝑆 for 







The largest increase in 𝑆 occurs for suspension IV which is comprised of microgels 
with a wider chain length distribution. This indicates that the chain length distribution can 
significantly affect the deformation of the particle. In good solvent, when 𝜓 is large, all 
suspension data converges to nearly the same 𝑆, indicating that all particles assume similar 
shapes. For standalone microgels, the transition to good solvent increases 𝑆. This occurs 
due to the expansion of polymer chains at the gel-solvent interface, which increase the 
effective surface area. Microgels in suspension in good solvent are highly compressed, and 
thus exterior polymer chains cannot extend. As a result, no increase in 𝑆 takes place for 
suspension in good solvent.  
For spheres with radius 𝑅 the surface volume ratio is 𝑆 = 3 𝑅⁄ . As the sphere size 
decreases due to the solvency change from good to bad, 𝑆 increases monotonically. In bad 
solvent the dotted and solid lines converge as the standalone microgels collapse and assume 
spherical shapes. For microgels I and IV at bad solvent, the single particle data converges 
to the same 𝑆 since these microgels have nearly identical molecular weights (Table 1). 
Figure 5.5. Schematic showing typical microgel shape changes throughout the 
volumetric method. At low 𝜓 the microgels are nearly spherical with little neighbor 
contact. As  𝜓 increases the microgels begin to make contact. Near 𝜓 ≈ 1, the microgel 
shape begin to change as neighbor contacts deform each particle. As 𝜓 increases further 
the particles shrink to accommodate the changes in volume. During this process 
microgels also begin to interpenetrate their neighbors. Microgel interpenetration is on the 
order of the crosslink distance. 
 
𝜓~0.2 𝜓~0.64 𝜓~1 𝜓~2 𝜓~4 
Volumetric method 
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Microgel III, which has a higher molecular weight and is larger in size converges to a lower 
𝑆 than other microgels. For microgels in the suspension, 𝑆 increases, as microgels deform 
to maintain contact with neighboring particles and to minimize interactions with the 
solvent. 
Figure 5.4b shows how 𝑆 changes for suspensions I-IV compressed by the 
volumetric method. For all the suspensions, we find a minimum of 𝑆 near 𝜓 = 1. At low 
generalized packing fractions 𝜓 ≈ 0.2, when the particles are relatively dilute, 𝑆 matches 
the values for a standalone microgels, as shown by the dotted lines. In the range 0.4 < 𝜓 <
1, the surface area to volume ratio 𝑆 decreases with increasing 𝜓, for microgels with a 
normal crosslink distribution, as microgels begin to shrink, and polymer chains at the gel 
surface retract, reducing the overall surface area. The corresponding decrease in 𝑆 for 
microgels with a uniform crosslink distribution is smaller. This can be attributed to the fact 
that these networks are more homogeneous and do not have long dangling chains at the 
microgel surface. Near 𝜓 ≈ 1 the particles begin to lose their spherical shape. Figure 5.5 
shows a schematic of the shape changes of two microgel particles in the suspension for the 
volumetric method. When 𝜓 > 1, neighbor-neighbor contacts are relatively independent 
from 𝜓. Thus, increases in 𝜓 beyond 1 shrink the microgel volume and increase 𝑆, as 
shown in Figure 5.5 for suspension I. The figure shows that for 𝜓 > 1 the microgels shrink 






5.4 Suspension Mechanics 
Figure 5.6a-b shows the bulk moduli for suspensions of microgel particles with 
uniform and normal crosslink distributions as a function of 𝜓, for both the volumetric and 
solvency methods. The data obtained using the volumetric method follows a linear trend 
with 𝜓, which agrees with the experimental results [59]. We find that increases in the 
microgel crosslink density make the suspensions mechanically stiffer. This trend become 
more dominant as 𝜓 increases. We find that for microgels I and III with similar crosslinking 
densities, the suspensions exhibit nearly identical mechanical response. This suggests that 
the crosslink distribution within microgel particles does not significantly affect the 
mechanical properties of the suspension. Figure 5.6b shows that the bulk modulus for the 
solvency method remains relatively constant as 𝜓 is varied. Figure 5.2e-j shows that as 𝜓 
decreases below 1, the suspension experiences gelation. The suspension internal structure 
Figure 5.6. Bulk modulus data for suspensions consisting of microgel particles with uniform (I 
and II) and normal (III and IV) crosslink distributions for both volumetric (a) and solvency (b) 
methods. (c) Normalization by single particle bulk modulus shows 𝐾 𝐾𝑃⁄  data remains relatively 










in the kinetically arrested gelated state is drastically different from that of the compressed 
suspension in good solvent, but remarkably similar values of 𝐾 are obtained. This indicates 
that the formation of a colloidal gel at low 𝜓 stiffens the suspension. This behavior occurs 
irrespective of what generalized packing fraction the solvency is varied at and whether the 
uniform or normal crosslink distribution is used. This again signifies that crosslink 
distribution alone does not significantly impact the mechanics of the suspension. 
 As shown in Figure 5.6c, despite the large differences in 𝐾 between the volumetric 
and solvency methods at low 𝜓, normalizing 𝐾 by 𝐾𝑃, the bulk modulus of a standalone 
microgel particle at the specified 𝜓 and 𝑎 [59, 120], the bulk modulus data collapses onto 
a master curve. This was experimentally observed for volumetric compression of microgel 
suspensions with different crosslink concentrations. [59]. Our simulations indicate that the 
same scaling can be applied when 𝜓 is varied by changes in the solvency. Furthermore, 
based on results for suspensions III and IV we conclude that the width of the chain length 
distribution does not play a significant role.  
Recall that for the volumetric method, at low 𝜓 the suspension is in a dilute state 
(Figure 5.2d) with 𝐾 < 𝐾𝑃; hence the suspension is more compressible than a single 
microgel particle. As 𝜓 increases up to roughly 1 the initially dilute microgel suspension 
densifies and 𝐾 approaches 𝐾𝑃 [58, 61, 132]. For 𝜓 >  1, the microgel particles completely 
fill the suspension volume. In this case, 𝐾~𝐾𝑃 and the normalized bulk modulus then 
remains relatively constant.  
For the solvency method at low 𝜓 a colloidal microgel network forms (Figure 5.2h-
j). As the solvency shifts towards good solvent the normalized bulk modulus increases. 
This does not occur due to the stiffening of the suspension (Figure 5.6b), but rather due to 
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the softening of standalone microgels with increasing 𝜓. Remarkably the solvency method 
yields the same trend as the volumetric method, indicating the ratio 𝐾 𝐾𝑃⁄  is a universal 
measure of the mechanics of microgel suspensions. The result is insensitive to the type of 
the crosslink distribution within the microgel particles. 
Figure 5.7 below shows how the rheological response for suspension I varies with 
frequency for both the volumetric and solvency methods. The viscoelastic behavior of each 
suspension is determined by the packing fraction and the particle-particle interactions 
[125]. Since the particle-particle repulsion for the volumetric data (empty symbols) is 
constant (𝑎 =  25) the critical parameter in this case is 𝜓. Meanwhile, for the solvency 
method (filled symbols) both 𝜓 and 𝑎 can impact the rheology. Once normalized by the 
crossover frequency 𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and crossover modulus 𝐺’𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 all of our data collapses 
onto two master curves, for 𝐺’ and 𝐺’’. Here 𝐺’ and 𝐺’’ are the storage and loss moduli of 
the suspension.  This is in agreement with previous results for soft matter suspensions 
[125]. 
Figure 5.7 shows that at low 𝜔 in both the volumetric and solvency methods the 
suspensions behave as an elastic solid and 𝐺’ >  𝐺’’. As 𝜔 increases damping increases 
and a critical point is passed (𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟) where 𝐺’ =  𝐺’’. Past this point the viscosity of 
the fluid begins to dominate the behavior of the suspension and 𝐺’’ >  𝐺’.  In this regime 
the suspension begins to flow. 
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The variation in 𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and 𝐺’𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 with 𝜓 is shown in the plot in Figure 
5.8. Given that the relaxation time 𝜏𝑟𝑒𝑙𝑎𝑥 ≈ 1/𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 it is clear that for the volumetric 
method 𝜏𝑟𝑒𝑙𝑎𝑥 begins to significantly increase as the dilute regime is approached, as 
expected [133]. The increase in 𝜏𝑟𝑒𝑙𝑎𝑥 at low 𝜓 for the solvency method is not as 
pronounced. Moreover, past the critical point 𝜏𝑟𝑒𝑙𝑎𝑥 does not increase with further 
decreases in 𝜓. This happens because in the bad solvent regime (low 𝜓) the suspension 
forms a colloidal microgel network. Due to gelation the crossover modulus for the solvency 
method is approximately an order of magnitude higher than the crossover modulus for the  
volumetric method in low 𝜓 states. As shown by the dotted yellow line in Figure 5.8 at 
higher 𝜓,  𝐺’𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 increases only up to 𝜓 ≈ 1. The change in 𝐺’𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 across the 
critical point is abrupt due to gelation. For 𝜓 > 1 average microgel volume remains fixed 
to 𝑉 = 𝑉𝑏𝑜𝑥 𝜅⁄ . As shown in Figure 5.3d for suspension I (solvency method) microgel-
Figure 5.7. Master curve data showing frequency sweeps of the scaled storage and 
loss modulus for both the volumetric and solvency methods. Here we normalize the 
loss and storage moduli by the storage modulus at the crossover point, i.e. when 𝐺’ =
 𝐺’’. Similarly, the frequency is normalized by the crossover frequency 𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟. 
Doing this the plot shows that all our data collapses onto two master curves. At high 
















microgel interpenetration also remains approximately constant, ~0.18𝛿𝑋−𝑙𝑖𝑛𝑘. This 
behavior is significantly different than what is observed for the volumetric method where 
the crossover modulus monotonically increases with 𝜓. The monotonic increase indicates 
that compression allows the suspension to maintain its elastic character at higher 𝜔.  
As shown by the black dotted line in Figure 5.7, at high packing fractions the loss 
modulus data 𝐺’’ exhibits power law behavior, which is common for critical gels [133]. 
The power-law exponent reflects the internal relaxation modes of the microgel particles 
and is found to be ~0.69, which is similar to the ¾ exponent noted by Morse for loosely 
entangled semi-flexible polymer chains in good solvent [134]. For lower 𝜔 a deviation 
Figure 5.8. Plot showing how crossover frequency and storage modulus vary with 
packing fraction for both the volumetric and solvency methods. For the solvency 
method at 𝜓 > 1 both 𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 become constant. This occurs because 
for 𝜓 > 1 the volume of each microgel in the suspension is restricted to 𝑉 ≈ 𝑉𝑏𝑜𝑥 𝜅⁄ , 
since 𝑉𝑏𝑜𝑥 is constant for the solvency method. For the volumetric method both 
𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 increase with 𝜓, indicating compression enables the 
suspensions to remain solid-like at higher frequencies. In the range 0.5 ≲ 𝜓 ≲ 4 
𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 for the solvency method are larger than the corresponding 
values for the volumetric method. This occurs due to the increase in 𝑎 for the solvency 
method which makes microgel-microgel interactions more favorable and leads to 
increased interpenetration between microgels. For the solvency method at the critical 
point near 𝜓 ≈ 1, gelation causes structural rearrangements in the suspension leading 


















from power law behavior occurs, as expected [125]. We are limited in the ability to probe 
the mechanics at low frequencies due to computational limitations, which arise from the 
large oscillation periods, which are in excess of 10,000 DPD time units. To obtain accurate 
frequency measurements several periods are also necessary which further increases the 
computational costs. 
5.5 Summary 
We examine the behavior of neutral microgel suspensions under different 
generalized packing fractions 𝜓. The suspensions are comprised of identical microgel 
particles with either uniform or normal crosslink distributions. We test two different 
methods for varying 𝜓 = 𝜅𝑉𝑒𝑞 𝑉𝑏𝑜𝑥⁄ , volumetric and solvency methods. In the volumetric 
method, 𝜓 is varied by isotopically deforming the computational box to alter 𝑉𝑏𝑜𝑥. For the 
solvency method, 𝑉𝑏𝑜𝑥 is kept constant, whereas the interaction of gel with solvent 𝑎 is 
varied to alter 𝑉𝑒𝑞.  
Our results show that with the volumetric method at 𝜓 that is below close packing, 
the suspension is in a colloidal fluid state where the volume of microgel particles 
approaches the volume of a standalone microgel in good solvent. At high 𝜓, the average 
microgel volume scales as 𝑉~𝜓−1, indicating the particles prefer shrinking over 
interpenetration. For the volumetric method, interpenetration increases when 𝜓 increases 
above 1. The maximum radial interpenetration is found about 20% of the average crosslink 
distance. This indicates that interpenetration is likely limited by the mesh size of the 
microgel network. For the solvency method, we show that the interpenetration can be non-
zero for 𝜓 < 1. When the volume of suspension is such that gelation occurs at 𝜓 < 1, 
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interpenetration attains zero values between 𝜓 = 1 and the gelation point 𝜓𝑐. Due to 
interpenetration of neighboring microgels in bad solvent, microgel volumes in suspension 
are greater than the volume of a standalone microgel at the same solvent conditions. The 
maximum radial penetration with the solvency method is found about 23% of the average 
crosslink distance. 
Analysis of suspension microgels for the solvency method reveals that in bad 
solvent microgels with normal crosslink distributions attain higher surface to volume ratios 
than microgels with uniform crosslink distributions, which indicates that microgels with 
normal crosslink distributions are more deformable. For the volumetric method as 𝜓 
decreases and the microgel volume increases the surface area to volume ratio increases due 
to the expansion of polymer chains at the gel-solvent interface. The increases in the surface 
to volume ratio is more significant for microgel networks with normal crosslink 
distributions. Low functionality crosslinking sites near the gel-solvent interface can create 
long polymer chains which significantly increase the surface area of the microgel. For the 
volumetric method at high 𝜓, we show that as the microgels shrink the surface to volume 
ratio steadily increases. 
Our bulk modulus data indicates that in the tested suspensions the ratio of the 
microgel suspension bulk modulus to the single microgel bulk modulus, 𝐾 𝐾𝑃⁄ , is a 
universal parameter that characterizes the mechanical behavior of the suspension. This 
scaling holds irrespective of the fact that at 𝜓 < 1 the suspension structure and bulk 
modulus 𝐾 differs significantly between the volumetric and solvency methods. The 
differences in 𝐾 for the two methods are attributed to the gelation which occurs when the 
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solvency is varied below the critical point. Upon gelation the microgel particles form a 
colloidal network which stiffens the suspension.  
Finally, our rheological results show that for both the volumetric and solvency 
methods all storage and loss moduli data can be scaled onto two master curves. This scaling 
agrees well with previous results for soft suspensions [125]. By tracking how the crossover 
frequency and storage modulus vary with 𝜓 we illustrate structural differences between 
microgel suspensions. At low 𝜓 suspensions in the solvency method have higher 𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 
and 𝐺’𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 values indicating that due to gelation the suspension can maintain its elastic 
behavior at higher frequencies. 
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CHAPTER 6. SELF ORGANIZING STRUCTURES 
6.1 Introduction 
The ability to create complex 3D microstructures has the potential to significantly 
improve existing drug therapies [39, 135, 136], tissue scaffolding methods [20, 137, 138], 
and in vivo bio-tracking approaches [30, 139, 140]. In addition to this, the capability to 
reversibly switch from a 2D to 3D geometry, in response to environmental stimuli can be 
leveraged to create novel micro-sensing devices [50]. Recent work has shown that proteins 
from Bombyx mori can be arranged in hydrophobic/hydrophilic blocks, forming 
supermolecular hydrogel structures [141-143], which can reversibly swell/deswell in 
response to changes in the pH [142]. These materials are ideal for in vivo applications 
because they are biocompatible and biodegrable. In addition, spider silk is remarkably 
strong and extensible material which is also stable under harsh environmental conditions 
[142, 143]. 
In this chapter we utilize computational modeling to study how the swelling 
induced, shape dependent, bi-axial stress distributions in silk-on-silk composites 
(polystyrene/silk-ionomer/beta-sheet) allows 2D sheets to transform into complex 3D 
structures like rings and tubules. The lateral dimensions of these microsheets range from 
20-100 micrometers. Meanwhile, the thickness of the composite structure is varied in the range 
of 100-700 nm. The active silk-ionomer layer is relatively soft (~11 MPa) and is sandwiched 
between the stiffer polystyrene (PS, ~1.8 GPa) and β-sheet (~8.6 GPa) layers. In order to 
facilitate the design of self-activated microstructures we use computational modeling to 
investigate how the initial 2D geometry affects the final equilibrated 3D shape of the structure. 
 76 
Doing this we examine how stresses develop in microstructures with different geometries and 
thickness ratios, underscoring the corresponding impact on the final 3D structure. 
6.2 Computational Setup 
Computationally the lattice spring model (LSM), a modeling technique for 
simulation of deformable solids [144-146], was utilized to simulate the self-rolling 
behavior of the silk-on-silk microsheets. In the simulation, the biopolymeric sheet was 
constructed using a regular network of interconnected beads placed on a simple cubic 
lattice.  Each bead in the network was connected by stretching springs (bonds) to its closest 
and next-closest neighbors. The bulk elastic properties of the polymer structures were set 
by adjusting the stiffness of lattice springs to match the mechanics of polymer layers [147]. 
Thus, the network consisted of three different regions, corresponding to the PS, silk 
ionomer, and β-sheets layers.  The thickness ratios and lateral aspect ratios of the networks 
were set to match the experimental morphology. In particular, the shaped silk sheets were 
created from initially rectangular network by removing beads outside the region of interest. 
The  swelling  response  of  the  active  silk  ionomers  layer  was  simulated by change the 
equilibrium length of the bonds in the “active” network region [40, 88] in which the length 
of the bonds gradually increased by 1% steps until the silk ionomer swelling ratio matched 
the experimental  swelling  ratio  obtained  from  optical micrographs (~160%). To include 
the effect of thermal fluctuations on the bending, the dissipative particle dynamics 
thermostat was employed [70]. A viscous damping was imposed to mimic the effect of 
solvent viscosity. The dissipative force was set proportional to the bead velocity with a 
proportionally constant equal to 0.2. 
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To prevent interpenetration between LSM beads we discretize each microsheet into 
smaller rectangular regions. For each particle in a given region we apply a pairwise linear 
force potential. This potential is applied only between particle pairs which are not members 
of the same region or members of an adjacent region. This allows the microsheet to 
maintain the mechanical properties set forth by the network bond stiffness, while also 
preventing interpenetration during folding. 
6.3 Deformation and Stress Analysis 
In the analysis below we examine how the polystyrene layer thickness affects the 
folding behavior of the composite structure. In addition, we study how different initial 
geometries affect the final equilibrated shape. The two geometries we focus on are 
rhomboids and rectangles. For the rectangular microsheets we examine geometries with 
length to width (𝐿/𝑊) aspect ratios of 1, 2, and 8. For the rhomboid microsheets we look 
at rhomboids with minor angles of 15° and 30° degrees. 
In the computational model, the thicknesses of the active silk ionomer layer and 
passive β-sheet layer were kept constant. Variations in the thickness ratio (PS layer / active 
silk ionomers layer) were obtained by changing the PS layer thickness.  When the thickness 
ratio was 1.6 the simulations did not reveal any significant deformation of the composite 
structure (Figure 6.1a-b). This occurs because at this thickness the PS layer has 
approximately the same effective stiffness as the β-sheet layer. As a result, no deformation 
occurs even when the simulation time is extended (Figure 6.1c-d).  In contrast, composites 
with a thinner PS layer and a decreased thickness ratio (~0.4) deform initially at the corners 
(Figure 6.1e-f) and eventually roll into a 3D microtube (Figure 6.1g-h).  The computational 
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results for different polystyrene layer thicknesses are in good agreement with experimental 
findings [18]. 
As shown in Figure 6.2 a notable change in the self-rolling behavior can be 
observed when the aspect ratio of the composite sheet is varied. For high aspect ratios 
(𝐿/𝑊 =  8, Figure 6.2a-d) the structure does bend, but it cannot roll into a tube. This 
behavior is also observed in experimental testing of spider-silk composites with 𝐿/𝑊 =
 8 [18]. When the aspect ratio is reduced to 𝐿/𝑊 =  1 the composite sheets fold into 
cylindrical microtubules with a predetermined radius, as shown in Figure 6.2e-h. Our 
simulations show that for an aspect ratio of one (𝐿/𝑊 =  1) isotropic swelling causes the 
structure to deform symmetrically, as shown in Figure 6.2f. The structure in Figure 6.2f is 
metastable, however. As time progresses small thermal fluctuations perturb the structure 
causing one of the corners to break the symmetry in Figure 6.2f and start locally rolling. 
This in turn produces a similar response in the other three corners, which ultimately leads 
the microsheet to bend. Once this is done deformation in adjacent corners can cause the 
Figure 6.1. Activation of microsheets with an aspect ratio of 2 and thickness 
ratios of 1.6 (a-d) and 0.4 (e-h). For larger thickness ratios almost, no 
deformation is observed (a-d). Decreasing the thickness ratio allows the 
composite microsheet to roll into a microtube (e-h).  
(a) (b) (c) (d) 
(e) (f) (g) (h) 
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entire edge to roll over on itself. This is shown in Figure 6.2g where it can be seen that one 
of the sheet edges has started to roll, initiating microtube formation. In Figure 6.2g it can 
also be seen that the other two corners are independently trying to roll over. Ultimately, as 
rolling progresses these corners straighten out and conform to the cylindrical geometry of 
the microtube.  
In Figure 6.3a-d the snapshots demonstrate that for rhomboid sheets with a shallow 
angle (15°), bending is initiated at the sharp corners. Deformation near the opposing wide-
angle corners is minimal. As swelling proceeds, the corners continue to bend until the two 
minor angle corners meet each other as shown in Figure 6.3d. Since the rhomboid geometry 
is asymmetrical the deformation of the corners produces helical structures (Figure 6.3c-d) 
identical to what is seen in experiments [17, 18]. For small minor angles (15°) the pitch of 
the helix is decreased and as a result the structure in Figure 6.3d is ring-like. As shown in 
Figure 6.3e-h by increasing the minor angle from 15° to 30° the pitch of the rhomboid 
Figure 6.2. Simulation snapshots showing self-rolling of silk microsheets as a 
function of the aspect ratio (thickness ratio of PS layer/active layer: 1.5).  
Microsheet with aspect ratio of 8 is shown in images (a-d). Meanwhile images (e-
h) show a microsheet with an aspect ratio of 1.  
 
(a) (b) (c) (d) 
(e) (f) (g) (h) 
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structure can be increased (Figure 6.3h), which agrees well with experimental observations 
[17, 18].  
 For rectangular sheets with an aspect ratio of 2 (𝐿/𝑊 =  2, Figure 6.3i), if the 
microsheet is initially completely flat self-rolling occurs along the short edge in our 
simulations. If the sheet is initially bent slightly, as shown in Figure 6.3m swelling of the 
silk ionomer layer leads to self-rolling along the long edges. These results show that for 
rectangular sheets, depending on the initial microsheet deformation, two self-folding 
directions are possible. Experimentally, bending along the long edge is observed more 
often because the long edge area moment of inertia is smaller than the short edge area 
moment of inertia. Due to this, small perturbations in the fluid can more easily deform and 
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Figure 6.3. Simulated self-folding behavior of silk-on-silk microsheets. (a-d) 
Snapshots for rhomboid geometries with 15° minor angle. (e-h) Snapshots for 
rhomboid geometries with 30° minor angles. (i-l) Simulation renderings showing 
folding in an initially flat rectangular sheet with an aspect ratio of 2, 𝐿/𝑊 =  2. 
(m-p) Images showing folding in an initially bent rectangular sheet (𝐿/𝑊 =  2) 
with curvature 𝑘 = 0.35𝐿.  
 
 82 
We utilize our LSM model to confirm that self-rolling of silk-on-silk microsheets 
can indeed be ascribed to the mismatch in interlayer stresses, which occurs due to non-
uniform swelling within the composite structure. In particular, we use the LSM model to 
examine how stresses are generated throughout the microsheet once the silk ionomer layer 
is swollen [145]. For the stress analysis the three geometries which we examine are 
rectangular sheets with aspect ratios of 1, 2, and 8 and 30° rhomboids. In these cases, we 
examine the stress field in each layer (PS, silk ionomer, and β-sheet) individually. In our 
analysis negative values of stress correspond to tension and positive values correspond to 
compression.  
Swelling of the silk ionomer layer triggers a biaxial expansion field within the 
microsheet which exerts stresses on both the PS and β-sheet layers. The PS and β-sheet 
both stretch as they resist the deformation which the silk ionomer layer imposes. The silk 
Beta-sheet Silk-ionomer Polystyrene 
(a) (b) (c) Front view 
Back view 
Pavg = -52.2 Pavg = 55.1 Pavg = -20.8 
Figure 6.4. Stress map obtained from LSM model for individual layer within a 
composite silk microsheet an aspect ratio of 2.  Top row indicated front view and the 
bottom row is the back view for each panel for the (a) β-sheet (b) silk ionomer layer and 
(c) PS layer.  
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ionomer layer meanwhile is compressed on both sides, as it can never reach its fully 
expanded equilibrium state. Thus, although the silk ionomer layer increases in volume it 
remains compressed throughout the entire swelling process (Figures 6.4b, 6.6b, and 6.8b). 
In contrast, both the polystyrene and β-sheet layers remain stretched (Figures 6.4a, 6.4c, 
6.6a , 6.6c, 6.8a, 6.8c). The deciding factor in determining which side the structure rolls on 
is the stiffness of the passive (PS and β-sheet) layers. We can think of each layer as a spring, 
𝐹 = 𝑘𝑥, where 𝑘 corresponds to the bulk moduli of each layer.  As the silk ionomer swells 
it enforces a displacement (𝑥) on both the PS and β-sheet, which in turn, exert a 
constraining force.  Rolling occurs on the side for which the constraining force is larger.  
Since for the same thickness the force is governed by the bulk modulus (and displacement 
is the same for both layers) the structure will always prefer to fold on the stiffer side.  The 
softer side will more easily (less force required) accommodate the displacements imposed 
(a) (b) (c) Front view 
Back view 
Pavg = -20.8 
Figure 6.5. (a-c) LSM simulation stress distribution maps throughout the rolling 
process within the PS layer of a spider silk microsheet composite with an aspect ratio 
of 2. Front views are shown in top row and back views are shown in the bottom row.  
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by the silk ionomer layer.  If the PS and β-sheet layers are roughly the same thickness, 
rolling will always occur on the beta-sheet side, which is also seen in experiments. This is 
supported by results in Figures 6.4, 6.5, and 6.8 which show that |𝑃𝑎𝑣𝑔| for the β-sheet layer 
is larger than |𝑃𝑎𝑣𝑔|  for the PS layer, confirming that the constraining effect of the β-sheet 
layer is larger. 
The presence of tensile and compressive forces is reflected in Figure 6.4 by the 
average pressure 𝑃𝑎𝑣𝑔 in each layer. For the polystyrene and β-sheet layers 𝑃𝑎𝑣𝑔 is negative, 
indicating the layers are under tension. Meanwhile for the silk ionomer layer |𝑃𝑎𝑣𝑔| is 
positive, which confirms that the active layer is under compression. 
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Figure 6.6. Stress map obtained from computational simulation for each 
individual layer within the sandwiched 30° parallelograms silk microsheet. a) β-
sheet; b) silk ionomer layer; c) PS layer. Top row indicated front view and the 
bottom row is the back view for each panel.  
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As shown in the stress map of Figure 6.4c the stress concentration is higher along 
the shorter pair of edges.  To understand why this occurs we examine how stresses develop 
in the PS layer (aspect ratio 2) with time, as shown Figure 6.5. When the silk ionomer layer 
is swollen, we observe higher tensional stresses in the corners (Figure 6.5a), which initiates 
bending. As the corners bend, they pull and deform the rest of the sheet.  The deformation 
at the corners causes the moment of inertia along the longitudinal axis to decrease (Figure 
6.5b).  This transformation increases the bending moment and drives the deformation even 
further, helping the sheet roll into a tube (Figure 6.5c).  It should be noted that the high 
Figure 6.7. Color map of calculated stress within the PS layer as an example in the 
sandwiched silk microsheets with an aspect ratio of 1 over a time series (a-c) (from 
left to right). Front views as shown in top row and back views in the bottom row. 
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stress regions in the PS layer correspond to low stress regions in the β-sheet (Figure 6.4).  
This happens because β-sheet region is located below the neutral plane and the PS layer is 
above it.  Therefore, any localized bending produces extra tension in the PS layer and extra 
compression in the β-sheet layer.  However, since the β-sheet is strongly stretched by the 
silk ionomer layer, this localized compressive effect only serves to create areas of low 
tensional stress. 
LSM simulations in Figures 6.6, 6.7 and 6.8 show that as the silk microsheet 
geometry is varied the stress distribution changes, altering the morphology of the activated 
composite structure.  This illustrates how geometric changes to the initial 2D microsheet 
impact the final equilibrated 3D structure, after activation. For example, when the 
microsheet has a rhomboid geometry (Figure 6.6), stress concentrates in the minor angle 
corners. As stresses grow, the PS layer, which is above the neutral axis is put in tension. 
Figure 6.8. Stress map obtained from computational simulation for each 
individual layer within the sandwiched silk microsheet with an aspect ratio of 
1:8. (a) β-sheet; (b) silk ionomer layer; (c) PS layer. Top row shows front view 
and the bottom row shows the back view for each panel.  
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Meanwhile, the β-sheet layer, which is below the neutral axis experiences compression 
locally. This effect leads to a decrease/increase in tensional stresses for the β-sheet/PS layer 
near the minor angle corners, producing localized bending.  As the deformation progresses, 
the asymmetry of the structure causes the sheets to roll into helical structures (Figure 6.6). 
For microsheets with an aspect ratio of 1 stress accumulation in the corners does 
again lead to bending, however due to the high symmetry, the structure is initially locked 
in a metastable state (Figures 6.2f and 6.7a). In this state each corner’s deformation 
interferes with the deformation of the other 3 corners. With time however, random thermal 
fluctuations increase the stresses in one of the corners, which initiates rolling and pushes 
the structure out of the metastable state. Figure 6.7b-c shows how the structure deforms 
once the system is perturbed out of the metastable state. The path to the final cylindrical 
structure (Figure 6.2h) is not unique due to the random nature of the perturbations. This 
agrees well with prior experimental studies [148]. 
The deformation and pressure distribution for a sheet with an aspect ratio of 8 is 
also shown in Figure 6.8. Here we see than the folding occurs along the length of the 
structure. This occurs because the width of the sheet is very small. The stress 
concentrations in the corners merge right away and two high stress regions appear which 
dictate the deformation. Rolling along the longitudinal axis in this case however is not 
possible as observed in Figure 6.8c.   
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6.4 Comparison with Experiments 
In order to analyze the deformation of the tri-layered structures we modified a 
thermomechanical model for bending in composite sections [149].  In doing this, we 
assumed that 𝛼𝑇 ≈ . Where 𝛼𝑇 is the thermal expansion and  is the experimental 
swelling ratio due to changes in the pH. The cross-sectional view of the composite network 
is shown in Figure 6.9.  In this Figure, 2ℎ1, 2ℎ2, and 2ℎ3 represent the thickness of the 
polystyrene, silk-ionomer, and β-sheet layers, respectively. Meanwhile, ℎ𝑖,𝑗represents the 
distance between the centroidal lines of the 𝑖 and 𝑗 layers. The final radius of curvature of 
the composite structure can be predicted by considering the mechanical and swelling 





Here 𝐸𝑖, 𝐼𝑖 and 𝐴𝑖 are the corresponding moduli of elasticity, area moments of 
inertia, and cross-sectional areas. The variables ?̄? and ̄ are given as: 
  ?̄? =
𝐸2𝐴2ℎ12+𝐸3𝐴3ℎ13
𝐸1𝐴1+𝐸2𝐴2+𝐸3𝐴3





Figure 6.9. Cross-sectional view of composite structure. Green layer represents beta-
sheet, blue layer represents the silk-ionomer, and red layer represents the polystyrene.  
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Using the scaling outlined in Equation 1-3, we can study how the final radius of 
curvature changes when we vary the β-sheet and silk ionomer layer thicknesses, and more 
importantly how these changes compare to experiments. Figure 6.10 shows how the radius 
of curvature changes as a function of PS thickness for five different β-sheet thicknesses. 
Here, the change in sign of the radius represents a switch in the folding direction. Negative 
values of the radius correspond to folding on the β-sheet side and positive values represent 
folding on the PS side. The dotted lines represent the PS thicknesses for which a switch in 
the folding direction occurs. From the figure it can be seen that as the β-sheet thickness is 
increased the dotted lines shift to the right, indicating the fact that as we increase the β-
sheet thickness thicker PS layers are required to produce the switch in folding.  When the 
β-sheet thickness is 34.4 nm the theory captures the experimental trend. The predicted β-
sheet thickness also matches the experimental measurements for the β-sheet layer 
(33.5±0.9 nm). 
Similar analysis can be applied as we vary the thickness of silk ionomer layer. A 
plot showing how the radius changes as a function of the PS thickness for different silk 
ionomer thicknesses is shown in Figure 6.11. From the figure it can be seen that as the silk 
ionomer layer thickness is increased, the dotted lines (indicating the switch in folding 
direction) again shift to the right. To fully understand this effect, we have to think of the 
Figure 6.10. Plot showing how radius of curvature changes as a function of the PS 
thickness for different β-sheet (BS) thicknesses. For composite network we assumed a 
PS stiffness of 1.8 GPa, silk ionomer layer thickness of 388 nm and stiffness of 11 
MPa, and β-sheet stiffness of 8.6 GPa.  
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limiting case when the silk ionomer layer thickness is very larger. In this case, the  thickness 
of the PS and β-sheet layers is much smaller than the thickness of the silk ionomer layer 
and so we can think of each passive layer (PS layer and β-sheets) as a spring (𝐹 = 𝑘𝑥).  
For the limiting case when the silk ionomer thickness is very large the thickness of 
the passive layers is not important, and the stiffness is solely determined by the modulus 
of each layer. The shift in the dotted lines in Figure 6.11 represents the transition to this 
limiting case. From the figure we see that the theory predicts a silk ionomer layer thickness 
of 388 nm. Experimentally, the swollen thickness of the silk ionomer layer is ~380 nm. As 









In Figure 6.12a-c we show experimental snapshots of the final equilibrated 
structure of rectangular microsheets with aspect ratios of 1, 2, and 8. In Figure 6.12d  we 
show the final equilibrated structure of a 15° rhomboids. The rhomboid microsheets have 
lateral dimensions of 50𝜇𝑚 × 100𝜇𝑚. Figure 6.12a shows that for rectangular microsheets 
with an aspect ratio of 1 the final equilibrated shape is a cylindrical microtube. Figure 6.12b 
shows that rectangular microsheets with an aspect ratio 2 have trouble forming cylindrical 
Figure 6.11. Plot showing how radius changes as a function of PS thickness for 
different silk ionomer layer thicknesses. Here we assume β-sheet thickness of 34.4 
nm and stiffness of 8.6 GPa, PS stiffness of 1.8 GPa.  
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microtubes. The equilibrated structure in this case closely resembles the structure shown 
in Figure 6.3p. As mentioned earlier, this indicates that before activation the microsheets 
have non-zero curvature along the long edge. Figure 6.12c shows that indeed for large 
aspect ratios (𝐿/𝑊 = 8) the microsheet cannot fold at all. For the rhomboid microsheets 
in Figure 6.12d we observe the exact same structure as shown in Figure 6.3d. Overall, the 
data presented in Figure 6.12 shows strong agreement with our simulations indicating that 
the computational model is a good predictor for experimental behavior. 
 
 
Figure 6.12. Experimental snapshots showing final equilibrated shape of spider-silk 
microsheets with aspect ratios of 1 (a), 2 (b), and 8 (c). The image in figure (d) show 





Using the outlined lattice spring method (LSM) we examine how non-uniform 
swelling proceeds in tri-layered spider-silk composite structures. These structures consist 
of an active silk ionomer layer that is sandwiched in between passive polystyrene and β-
sheet layers. We illustrate that activation of the silk ionomer layer can be leveraged to 
achieve large deformations and shape transformations. In particular we show how initially 
2D microsheets can be activated to transform into 3D rings, tubules, and helical structures. 
Our simulations reveal that activation of the silk ionomer layer generates a biaxial stress 
distribution, which creates a mismatch in interfacial stresses. Depending on the geometry, 
the stress mismatch at the interface, which arises from the different mechanical properties 
of each layer, can create large bending moments which alter the shape of the structure.  
The LSM model for all geometries shows that stress accumulation is largest in the 
corners. The analysis of rhomboid geometries shows that stress accumulation can be 
accelerated by decreasing the angle at each corner. The large angle corners in a rhomboid 
geometry experience minimal deformation. Meanwhile, the minor corners encounter high 
stress accumulation, and as a result deform significantly by bending. Since deformation is 
always initiated at the vertices and can be increased by the angle at that vertex, tailoring 
the location of vertex points and the corresponding angles within a given geometry can 
potentially allow researchers to develop novel soft microdevices which can achieve 
complex tasks like grasping small objects [150-152] and self-locomotion [39, 153, 154]. 
An added benefit of the trilayered structured, as illustrated in our thermomechanical 
analysis, is that folding can occur on both sides of the microsheet. Thus, if two active layers 
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are used each microsheet can become dually responsive, which makes these active 
composites ideal for microsensing applications. In particular, spider-silk composites are 
ideal for in vivo applications owing to their biocompatible and biodegradable nature. The 
thermomechanical scaling presented in this study offers a simple method for estimating the 
folding direction and the final rolled radius of the activated microsheet. 
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CHAPTER 7. SELF PROPELLING MICROSWIMMER 
7.1 Introduction 
As robotic swimmers become ever smaller and approach the micro-scale realm, 
researchers have developed a variety of clever methods to generate propulsion of miniature 
objects submerged in an aqueous solution. Such micro-scale swimmers could use 
biocatalytic propulsors, biomimetic nanowires that beat like synthetic flagella, responsive 
soft materials, and other approaches to propel themselves through a viscous fluid [153, 
155-161]. Further advances in micro-swimmer development could yield highly 
maneuverable and controllable robots that can be targeted to specific locations and 
autonomously perform complex tasks [40, 162-164], and therefore can be effectively 
utilized in such applications as drug delivery, bio-sensing, micro-manufacturing, and 
micro-surgery [165-170]. 
A critical requirement of synthetic micro-swimmers is their ability to generate self-
propelling motion in a fluid environment dominated by viscous forces without using 
complex mechanical machinery employed by larger macroscopic swimming devices. In 
this respect, soft responsive hydrogels are especially attractive for designing active 
microscopic devices. Responsive hydrogels can generate a large amplitude mechanical 
motion controlled by chemical reactions [171, 172] or in response to various external 
environmental changes [173, 174] that include changes in temperature, pH, electric and 
magnetic fields, and light [3, 5, 175, 176]. In other words, the motion of hydrogel 
swimmers can be directly controlled by changing their environment. Furthermore, 
hydrogels, which are soft and hydrophilic, are typically biocompatible which makes them 
 95 
naturally suited to move and maneuver in the aqueous environments found inside living 
organisms.  
In our study, we use computational modeling to design an efficient autonomous 
micro-swimmer that is actuated using a responsive hydrogel and features a simple, easy-
to-implement design. Our simulations show that an on/off periodic application of an 
external stimulus on the gel swimmer can lead to a rapid self-propelled motion due to 
periodic swimmer deformations. More specifically, our gel micro-swimmer is made of a 
Figure 7.1. A micro-swimmer made of a bi-faced hydrogel. (a) The gel swimmer has 
two layers: responsive layer (green) and passive layer (gray) with thicknesses 𝑑𝑅 and 
𝑑𝑃, respectively. The responsive layer swells and expands when an appropriate external 
stimulus is applied. (b) Front view of the X-shaped gel swimmer. The swimmer body 
has length 𝐿𝑠𝑖𝑑𝑒 and its arms have width 𝑤𝑎𝑟𝑚. (c) The swimmer expands and bends in 
response to an external stimulus. Its deformation is characterized by curvature 𝜅 and arc 
length 𝑠. (d) Simulation snapshots of the micro-swimmer during one period of its 
motion. The swimmer propels in the positive 𝑥 direction. The dotted lines indicate the 
initial 𝑥 position of the swimmer’s center of mass (solid circle) at 𝑡 = 0. When the 
stimulus is applied at 𝑡 = 0 the swimmer expands and bends. When the stimulus is 
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bifacial hydrogel sheet consisting of two thin gel layers that are bonded together. One layer 
with thickness 𝑑𝑅 swells in response to an external stimulus, whereas the second layer is 
non-responsive and has a thickness 𝑑𝑃 (Figure 7.1a). Except for stimuli sensitivity, both 
layers are characterized by identical material properties. 
When the bi-layered Janus-like gel sheet is exposed to an appropriate stimulus, the 
initially flat material undergoes simultaneous expansion and bending. The bending is 
induced by a mismatch between stresses developing in the responsive and passive layers 
resulting in an internal bending moment. In addition to bending, the layers expand to 
equilibrate the internal stresses induced by the swelling of the responsive layer, thereby 
effectively increasing lateral size of the gel sheet. 
As presented in Figure 7.1b, we adopt an X-shaped geometry for the gel swimmer 
with equal height and width dimensions, represented by body length 𝐿𝑠𝑖𝑑𝑒. With this 
configuration, four swimmer arms bend towards the swimmer center when a stimulus is 
imposed. Upon removal of the external stimulus the swimmer straightens back to the 
original configuration, assuming its initially flat shape. As we show below, this simple 
micro-swimmer made of bifacial hydrogel can effectively self-propel in highly viscous 
fluid environment when actuated by a periodically applied external stimulus. 
7.2 Computational Setup 
The responsive gel polymer network is modeled as a random network of 
interconnected elastic filaments [87, 177]. We generate this polymer network in three steps. 
First, we randomly distribute seed DPD beads with number density 𝑛𝑠 = 0.5 within a 
(𝑑𝑅 + 𝑑𝑃) × 𝐿𝑠𝑖𝑑𝑒 × 𝐿𝑠𝑖𝑑𝑒 box at the center of the computational domain. Next, we 
connect closest seed beads with elastic filaments with an average connectivity of 8. Then 
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we remove triangular portions out of the sides of the rectangular network to form the X-
shaped geometry of the swimmer. In our simulations, we keep constant 𝐿𝑠𝑖𝑑𝑒 = 40 and 
𝑑𝑅 = 4, whereas 𝑑𝑃 is varied to alter swimmer thickness. 
The elastic filaments forming the gel network consists of DPD beads chained by 




(𝑟 − 𝑟𝑒𝑞), where 𝑟𝑒𝑞 = 0.3 is the equilibrium length and 𝑘𝑏𝑜𝑛𝑑 = 30 is the 
spring constant. The bending rigidity for the polymer network is governed by the bending 
potential, 𝑈𝑏𝑒𝑛𝑑 = 𝑘𝑏𝑒𝑛𝑑(1 + 𝑐𝑜𝑠 ), where  is the angle between two interacting beads 
and 𝑘𝑏𝑒𝑛𝑑 = 50 is the bending stiffness. The swelling response of the bi-faced hydrogel 
swimmer is modeled by instantaneously increasing both the equilibrium length 𝑟𝑒𝑞 and the 
repulsion 𝑎𝑖𝑗 between beads forming the responsive gel layer to yield a desired value of 
the gel swelling ratio . When the stimulus is removed, the altered 𝑟𝑒𝑞 and 𝑎𝑖𝑗 are restored 
to their initial values.  
7.3 Time-irreversible Motion and Swimming Performance 
In our simulations we actuate the swimmer by applying an external stimulus with a 
period 𝑃𝑎𝑐𝑡. The stimulus is applied during the first half of the period and is turned off 
during the latter half. Thus, the swimmer exhibits periodical shape changes as illustrated 
in Figure 7.1d. When the stimulus is applied at 𝑡 = 0 and the responsive layer swells, the 
swimmer rapidly expands by increasing the length of the arms. To characterize the forward 
motion of our gel swimmer in a viscous fluid, we tracked the position of the swimmer’s 
center of mass as it moved. Figure 7.2a shows this position in the direction of the swimmer 
motion as a function of time. In this figure we normalized the swimmer’s displacement 𝑥 
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by the initial body length 𝐿𝑠𝑖𝑑𝑒 and the time by the swelling period 𝑃𝑎𝑐𝑡. We find that the 
swimmer can rapidly propel itself forward in the positive 𝑥 direction. Analysis of the 
swimmer’s trajectory indicates that the swimmer swelling and de-swelling produce, 
respectively, forward and backward strokes. When the stimulus is applied and the gel 
swells, the center of mass moves forward until the swimmer equilibrates at a new position. 
Gel de-swelling associated with stimulus removal causes the center of mass to move 
backwards. During the backward stroke, however, the swimmer’s displacement is smaller 
than during the forward stroke, thereby yielding a net forward displacement of the 
swimmer’s body over one period. This motion repeats each time when the stimulus is 
periodically applied and removed, generating a steady forward motion. 
We find that the swimmer moves forward faster when the swelling ratio of the 
responsive gel layer = 𝑉𝑠 𝑉𝑐⁄  is increased (Figure 7.2a). Here, 𝑉𝑐 and 𝑉𝑠 are, respectively, 
Figure 7.2. (a) Center of mass position vs. period for different swelling ratios of 
swimmer’s responsive gel layer. Colored background indicates the portion of time when 
the stimulus is on. During one period, the swimmer undergoes bending and expansion, 
moving forward after the stimulus application. Upon stimulus removal, the swimmer 
undergoes contraction and straightening and moves backwards a shorter distance. The 
result is a net forward displacement. (b) Swimming velocity 𝑉𝑠𝑤𝑖𝑚 as a function of 
thickness ratio 𝑇𝑅 = 𝑑𝑃 𝑑𝑅⁄ . Error bars indicate standard deviation from the average 
value. The optimal thickness ratio 𝑇𝑅 = 1.4 leading to the fastest swimming speed is 

































the volumes of an unconstrained responsive gel before and after the stimulus is applied. A 
larger swelling ratio amplifies the swimmer’s deformation and therefore leads to faster 
swimming. In addition to the swelling ratio, the motion of our simple X-shaped gel micro-
swimmer is defined by the relative elasticity of the passive and responsive layers. In our 
simulations we change the thickness of the passive gel layer 𝑑𝑃 while keeping constant the 
thickness of the responsive layer 𝑑𝑅. Since the stiffness of individual network filaments in 
both gel layers is identical, changing 𝑑𝑃 therefore allows us to alter the stiffness ratio 
between the two layers. Indeed, as we discuss below, the magnitude of the swimmer’s 
center of mass displacement depends on the relative thickness of the gel layers composing 
the swimmer body. 
The average propulsion velocity of the swimmer is summarized in Figure 7.2b 
where the velocity 𝑉𝑠𝑤𝑖𝑚, normalized by 𝐿𝑠𝑖𝑑𝑒 𝑃𝑎𝑐𝑡⁄ , is shown as a function of the 
swimmer’s thickness ratio 𝑇𝑅 = 𝑑𝑃 𝑑𝑅⁄  for three selected values of the swelling ratio . 
Here, we find that increasing  systematically increases the swimmer’s velocity. However, 
the dependence on the thickness ratio 𝑇𝑅 is not monotonic. The velocity decreases when 
the thickness of the passive layer is either too small or too large and is maximized for all 
values of  when the thickness ratio is about 1.4. The velocity maximum is most 
pronounced for the larger swelling ratio = 6. In this case the swimmer travels a distance 
equal to its body length in only about four stimulus cycles. Such a fast propulsion speed is 
quite remarkable for microscopic systems moving in a highly viscous fluid. In fact, this 
swimming speed is comparable to that of E. coli, which uses about 4 to 5 beating cycles to 
move one body length [178]. 
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To examine the physics governing the micro-swimmer motion in the inertia-less 
(nearly zero Reynolds number) fluid, we introduce two parameters that characterize the 
swimmer shape (see Figure 7.1c). Specifically, we use the average arc length 𝑠 that 
represents the extent of the swimmer arms and the average swimmer curvature 𝑞 that 
characterizes the magnitude of bending. Figure 7.3a shows how these parameters 
(normalized by the initial length 𝐿𝑠𝑖𝑑𝑒 of the swimmer) change in time when the gel 
swimmer undergoes periodic swelling and de-swelling. When the stimulus is applied, the 
gel swimmer expands laterally and bends as indicated by the increasing values of the arc 
length 𝑠 and curvature 𝑞. Upon de-swelling of the responsive layer, the arm length 
decreases, and the swimmer straightens to nearly zero curvature. Since we set the stimulus 
application period 𝑃𝑎𝑐𝑡 to be much longer than the swelling time, the changes in 𝑠 and 𝑞 
only occur immediately after the stimulus is applied or removed (see Figures 7.3b and 
7.3c). During a significant part of the actuation cycle, these parameters remain nearly 
constant at their respective steady state values, showing slight changes induced by thermal 
fluctuations. 
To swim at nearly zero Reynolds number, a swimmer has to be able to produce time 
irreversible motion [179]. In the case of our gel swimmer, time irreversible motion arises 
due to a difference in the rates of change of 𝑠 and 𝑞 when the stimulus is either applied or 
removed. Figure 7.3b and 7.3c show the evolution of 𝑠 and 𝑞 at moments immediately after 
these respective events. The figures indicate that in both of these situations, changes of the 
swimmer’s arc length occur substantially faster than changes of the swimmer’s curvature. 
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Thus, the swimmer motion can be approximated by four sequential steps. When the 
stimulus is applied, the swimmer first extends the arms and then bends. After the stimulus 
is removed, the arms contract and then straighten, recovering the initially flat shape. As a 
consequence of this cyclic motion, the swimmer’s arm length is greater during bending 
(forward stroke), than during straightening (backward stroke), thus yielding the required 
time irreversible motion. In other words, the mismatch in time scales associated with 
swimmer stretching and bending allows the bi-layered swimmer to move forward 
throughout a highly viscous environment.  
 
Figure 7.3. Swimmer deformation due to periodic application of the stimulus. Colored 
background indicates portion of time when stimulus is on. (a) Arc length and curvature 
vs. time for the micro-swimmer with 𝑇𝑅 = 1.5 and = 6. The arc length and curvature 
rapidly increase to a new equilibrium state after the stimulus is applied and then revert 
back to their original states upon stimulus removal. The time scale difference between 
rates of change in arc length and curvature is illustrated during (b) swelling and (c) de-
swelling. In both cases, changes in arc length occur more quickly than that of curvature. 
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One of the major advantages of our swimmer is that it can be experimentally 
implemented using a variety of bi-layered polymeric materials. In fact, bi-layered 
swimmers could have different shapes, elasticity of layers, and stimuli-induced 
responsiveness provided that they yield relatively large magnitudes of stretching and 
bending deformations. The time ratio of these deformations must be relatively small, and 
the local velocities must satisfy the low-Reynolds number hydrodynamics. In other words, 
our swimmer design allows for a variety of experimental realizations that could involve a 
broad class of polymeric materials. Indeed, ongoing developments in designing actuating 
bi-layered responsive gels offer a number of materials that demonstrate large amplitude 
deformation response to external stimuli [148, 160, 180-184] that could be potentially used 
to build our gel swimmer. Furthermore, several groups have successfully demonstrated 
ground locomotion (“walkers” or “jumpers”) using responsive gels, further emphasizing 
the utility of these materials in soft robotic applications [160, 173, 180, 185]. We note that 
the systems in these studies are on the order of hundreds of microns, a relatively large scale, 
whereas our gel swimmer design is directly applicable to micrometer-sized and even 
smaller systems. Recent progress in synthesizing bi-layered gels shows promise in 
downscaling such responsive materials to micrometer and nanometer scales [186]. For 
example, recombinant DNA (rDNA) technology is a promising method that can be utilized 
to synthesize micrometer sized gels with accurately controlled molecular architecture. 
Through this approach researchers were able to generate film assemblies as thin as 100 𝑛𝑚 
[187]. 
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In summary, we used computer simulations to design a self-propelling gel micro-
swimmer actuated by a periodically applied external stimulus that can move 
unidirectionally in a fluid environment dominated by viscous forces. Our simple design 
establishes design principles and paves the way for developing more sophisticated 
swimmers that can be enriched with additional functions and capabilities. For example, 
adding extra responsive sections may be employed for directing the swimmer in three 
dimensions and controlling its turning [40]. Using binding molecules at the front, our 
swimmer could be potentially used for uploading and transporting different microscopic 
cargo [188]. Finally, since external stimuli can simultaneously actuate multiple 
independent gel swimmers, a swarm of such microscopic devices could be harnessed to 
accomplish tasks that are unachievable for a single micro-swimmer. Future computational 
studies and experiments are therefore needed to explore these exciting research paths. 
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CHAPTER 8. ACTIVE MICROCAPSULES 
8.1 Introduction 
Micrometer-sized functional devices are currently paving the way for future 
advances in medicine. By leveraging new developments in polymer science and 
nanotechnology researchers are achieving in vivo tasks which were previously not possible, 
like closed-loop insulin delivery [189], on-site drug testing [190], and lactate tracking via 
enzymatic bioreactors [30]. Performing in vivo tasks like these is challenging due to 
toxicity constraints and the immune response from the host's body [191], which put a 
significant limitation on the materials from which such microdevices can be fabricated. 
Bio-friendly hydrogels like dextran and chitosan become a promising material of choice 
for designing biomedical microdevices [192, 193]. Their inherent high porosity and 
hydrophilic nature makes them structurally similar to natural tissue. 
The large volume changes throughout the volume phase transition (VPT) that can 
be controlled by specific environmental stimuli provide an effective mechanism for 
microscale actuation. In recent years the stimuli-sensitive hydrogels have been successfully 
harnessed to achieve actuation in microscopic swimmers [39, 40], self-folding materials 
[17, 18, 194], micro-sensors [195, 196], and controlled release of drugs [88, 197-199]. 
Here, we use mesoscale computer simulations [51] to design a gel-actuated 
microdevice that mimics the function of phagocytes, biological cells that protect the 
organism by collecting cellular debris and harmful foreign particles, such as viruses. When 
actuated by an appropriate external stimulus, our phagocyte-inspired synthetic microdevice 
can selectively capture and isolate specific nanoparticles dispersed in the surrounding 
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solvent. An active microcapsule such as this could be potentially used to monitor and track 
molecular biomarkers in real time [200]. Alternatively, the device itself could be viewed 
as a primitive cell model [201]. In the swollen state, a hydrogel has high porosity and 
structurally resembles the mammalian cytoplasm [202]. 
The components of our microdevice are shown in Figure 8.1. The microdevice 
consists of a rigid shell with perforated holes (Figure 8.1a), a spherical microgel particle 
that is located inside the shell (Figure 8.1b), and a copolymer brush with sticky end groups 
that is tethered to the spherical shell at the perforation sites (Figure 8.1c). The shell provides 
structural integrity to our device and separates the device interior from the external solvent, 
whereas the shell perforations serve as entry ports, allowing controlled transfer of 
nanoparticles into the capsule interior. The stimuli-responsive lightly cross-linked microgel 
that undergoes an order of magnitude change in volume near the critical point induces 
transport into the microcapsule by enabling formation of large bulbs at the perforation sites 
when swollen. The nanoparticle flux at the perforations is regulated by the polymer brush 
that keeps captured nanoparticles from escaping and prevents the undesired transfer of 
nanoparticles from outside the capsule when the gel is collapsed. 
The size of the active microcapsule considered here is in the micrometer range. The 
size of the microgel is such that in the collapsed state it is fully enclosed within the internal 
capsule cavity, whereas in the swollen state it is sufficiently large and compliant to protrude 
through the capsule pores. Thermosensitive microgels in this size range have characteristic 
swelling times from microseconds to seconds [107]. Capsule pores are selected to be 
smaller than the collapsed microgel to prevent the microgel from leaving the capsule, but 
large enough to allow the formation of large microgel bulbs. Finally, the gating brush 
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copolymers are set to be sufficiently long to gate the pore and to bind to attractive end 
groups of copolymers tethered to the opposite pore side. 
In practice, a variety of experimental realizations are possible for microcapsule 
components. For example, the rigid shell can be fabricated from silica or polystyrene, which 
have been used to create mesoporous shells in the past [203, 204]. Rigidity can be enforced 
by tailoring the shell thickness. Examples of suitable hydrogel materials include 
biocompatible dextran [205], chitosan [206], and poly(N-vinylcaprolactam) (PVCL) gels 
[207]; however, if biocompatibility is not a concern, then PNIPAM-based gels could be used. 
Temperature-sensitive microgels with embedded electromagnetic particles, such as carbon 
microcoils and plasmonic gold nanorods, can be controlled via electromagnetic irradiation 
[105, 208]. PEG chains with methyl and amine end groups could be used to create the polymer 
brushes gating the shell ports. The amine end groups could be functionalized to the shell [209-
211] and the methyl end groups, which when immersed in solvent experience a mutual 
attraction due to their hydrophobic nature, could be used to close the perforations in the shell.  
Figure 8.1. (a) Rigid shell with six perforated pores. (b) Spherical microgel swollen 
in good solvent. (c) Phagocyte-inspired microdevice in swollen state immersed in 
nanoparticle-rich solvent. The close-ups show diblock-copolymer brush decorating 
shell pores (red and gray) and a nanoparticle (yellow). The red monomers at the ends 
of copolymer chains are mutually attracted to each other, while the gray monomers 
are repelling. 
(a) (b) (c) 
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The smart microcapsule operates as follows. Initially, when the microgel is 
collapsed inside the shell, the end groups of the polymer brush experiencing mutual 
attraction bridge the pores and prevent nanoparticle access to the shell interior. When the 
microgel swells due to temperature changes, it breaks through the polymer brush, enabling 
contact with the nanoparticle-rich external solvent. Once the nanoparticles bind to the 
microgel and the stimulus is removed, they are brought into the shell interior by the 
retracting microgel and remain isolated by the gating brush. We probe the capturing 
efficiency of our active microcapsule and examine how parameters, such as the actuation 
frequency and nanoparticle adhesiveness, affect nanoparticle capture and retention inside 
the microcapsule interior. 
8.2 Computational Setup 
To model the polymeric chains in the gel and polymer brush, we add on top of the 
DPD potential, a harmonic bond potential and a bending angle potential. The energy for 
the bond potential is given by 𝑈𝑏𝑜𝑛𝑑 =  𝑘𝑏𝑜𝑛𝑑(𝑟 − 𝑟𝑒𝑞)
2
, where 𝑘𝑏𝑜𝑛𝑑 is the bond stiffness 
and 𝑟𝑒𝑞 is the equilibrium separation length between beads. The energy for the angle 
potential is given by 𝑈𝑏𝑒𝑛𝑑 =  𝑘𝑏𝑒𝑛𝑑(1 +  cos( )), where 𝑘𝑏𝑒𝑛𝑑 is the bending stiffness 
and  is the angle between two polymer bonds sharing a common bead. The bending 
stiffness for all polymers (microgel and polymer brush) is set to 𝑘𝑏𝑒𝑛𝑑 = 10 and the bond 
stiffness is set to 𝑘𝑏𝑜𝑛𝑑 = 35. For our DPD parameters we specify 𝑟𝑐 = 1, 𝛾 = 4.5, 𝑘𝐵𝑇 =
1, 𝜌 = 3, and Δ𝑡 = 0.01. All dimensional values hereafter are expressed in DPD units. 
We conduct our simulations in a periodic box with a size of 100𝑥100𝑥100. The 
spherical gel which sits inside the shell is generated by first randomly distributing 3,600 
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crosslink points inside a 60𝑥60𝑥60 cubic domain [120]. The crosslink points are then 
connected with elastic filaments, where the average connectivity and number of beads per 
chain are approximately 4 and 12, respectively [120]. Once the gel is created the spherical 
shape is cut out of the cubic domain and disconnected segments are removed using a depth 
first search algorithm [120] (Figure 8.1b). After this, the final spherical gel is equilibrated 
in DPD solvent. This approach allows us to create lightly crosslinked polymer networks 
which are capable of experiencing large changes in volume. To swell the gel, we change 
the network-solvent repulsion to 𝑎𝑃−𝑆 = 65 and to collapse the gel we set it to 𝑎𝑃−𝑆 =
125. The self-repulsion for beads of the same species is set to 𝑎𝑖𝑖 = 75. The parameters 
𝑎𝑃−𝑆 = 65 and 𝑎𝑃−𝑆 = 125 correspond to respective Flory-Huggins [120] values of 
approximately 0.5 (swollen state) and 0.9 (collapsed state), typical for PNIPAM [10]. The 
volume change for a spherical particle between the collapsed and swollen states is 
approximately 12 times. The volume change can be amplified by increasing the chain 
length and decreasing the crosslink density. Using gels with a low swelling ratio (𝛼 =
𝑉𝑠 𝑉𝑐⁄ ) will hinder bulb formation when the gel protrudes through the perforation. To embed 
the gel in the shell we first collapse the gel and then generate the perforated shell decorated 
with polymer brushes around the gel (Figure 8.1c).  
The characteristic swelling time for an unconstrained gel is determined by first 
collapsing the spherical gel and then instantaneously changing the solvency to swell the 
gel. The volume evolution of the gel during swelling is compared with the gel swelling 
kinetics predicted by Tanaka's theory [120], as outlined in Chapter 3. The characteristic 
swelling time 𝜏𝑠𝑤𝑒𝑙𝑙 and collective diffusion coefficient 𝐷 are extracted by fitting the 
simulation data to the Fourier series solution.  
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The rigid spherical shell (Figure 8.1a) is comprised of ~169,000 DPD particles 
which are placed on a cubic lattice with a spacing of 0.5. The radius of the shell is 25 and 
the thickness is 2. The shell has six symmetric holes with a radius of 10. The perforations 
were chosen to be symmetric for simplicity. The radius of the perforations controls the 
amount of gel that exits the microcapsule, in our case 40% of the gel exits through the 
circular microcapsule pores. The mass of the DPD beads in the shell is adjusted so that the 
shell density is 3. The area around each perforated hole is functionalized with 215 diblock-
copolymer chains which make up the polymer brush (1290 chains total). Each copolymer 
chain is formed from 20 DPD beads and is attached to the shell at randomly selected sites 
near the perforation (Figure 8.1c). End groups of the copolymers are composed of three 
DPD beads that experience a mutual attraction 𝑎𝐸𝐺−𝐸𝐺 = 55 allowing the polymer brush 
to close the perforated holes when the gel is in the collapsed state. The interaction between 
the gel network and the polymer brush is set to 𝑎𝑁−𝑃𝐵 = 100 to prevent entanglements 
during swelling/deswelling transitions. The bending stiffness for all polymers (gel and 
polymer brush) is set to 𝑘𝑏𝑒𝑛𝑑 = 10 and the bond stiffness is set to 𝑘𝑏𝑜𝑛𝑑 = 35, with 𝑟𝑒𝑞 =
0.6. 
Each of the nanoparticles, which is comprised of six DPD beads, is treated as a rigid 
body (Figure 8.1c). We disperse 500 of these nanoparticles in the solution, which 
corresponds to a concentration of 5.35𝑥10−4 nanoparticles per unit volume. The polymer 
network-nanoparticle repulsion 𝑎𝑃−𝑁𝑎𝑛𝑜 is set to 60, 65, and 75, respectively, for attractive, 
neutral, and repulsive nanoparticles. It should be noted that when referring to the 
nanoparticles, the words attractive, neutral, and repulsive are used with respect to the 
swollen gel, where 𝑎𝑃−𝑆 = 65. When the gel is in the deswollen state 𝑎𝑃−𝑆 = 125 all 
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nanoparticles are effectively attracted to the gel since 𝑎𝑃−𝑆 = 125 >  𝑎𝑃−𝑁𝑎𝑛𝑜. Initially, 
the nanoparticles are randomly distributed outside the capsule. 
We can estimate the number of nanoparticles captured by the smart microcapsule 
through advection using the volume of the gel bulbs 𝑉𝑏𝑢𝑙𝑏 and the nanoparticle 
concentration in the external solvent 𝐶𝑒𝑥𝑡. To find the volume of the gel bulbs we construct 
a surface mesh which encloses the corresponding gel network [94, 120]. By multiplying 
the bulb volume by the nanoparticle concentration in the external solvent and assuming 
perfect attachment of nanoparticles to the gel chains, we estimate that approximately 
𝑁𝑎𝑑𝑣  =  𝑉𝑏𝑢𝑙𝑏𝐶𝑒𝑥𝑡  =  20 nanoparticles can be captured through advection per actuation 
period. A similar estimate for diffusive transport can be made using Fick’s first law 
𝑁𝑑𝑖𝑓𝑓  =  𝐷𝑃𝐶𝑒𝑥𝑡𝐴𝑏𝑢𝑙𝑏𝜏/𝑙𝑑𝑖𝑓𝑓 . Here, 𝑁𝑑𝑖𝑓𝑓 is the number of captured particles that were 
brought in by diffusion, 𝐷𝑃 is the nanoparticle diffusion coefficient, 𝐴𝑏𝑢𝑙𝑏 is the area of the 
bulbs exposed to the external solvent, 𝜏 is time, and 𝑙𝑑𝑖𝑓𝑓 =   √4𝐷𝑃 𝜏  is the characteristic 
diffusion length scale. We define the Peclet number 𝑃𝑒 =  
𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑐𝑎𝑝𝑡𝑢𝑟𝑒
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑐𝑎𝑝𝑡𝑢𝑟𝑒
  and find that 
for the most efficient nanoparticle capture in our device (𝑃𝑎𝑐𝑡  =  3𝜏𝑠𝑤𝑒𝑙𝑙  −  10𝜏𝑠𝑤𝑒𝑙𝑙) that 
corresponds to a Peclet number between 2 to 4. 
The above analysis can be applied to estimate expected performance of different 
experimental implementations of our microdevice. Consider a swollen 5µ𝑚 diameter 
PNIPAM gel particle placed in a rigid perforated shell that would produce bulbs with 
volume 200 µ𝑚3 (assuming 40% of the gel exits the perforations). The corresponding 
surface area of the bulbs is roughly 30% of the surface area of a freely swollen microgel. 
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, for a 50 𝑚𝑠 activation period we estimate that 𝑁𝑑𝑖𝑓𝑓  ≈  17 and 𝑁𝑎𝑑𝑣  ≈  60. 
8.3 Characterizing Activation Period 
In Figure 8.2, we illustrate the function of our microdevice over one period 𝑃𝑎𝑐𝑡 of 
application of the external stimulus, leading to a gel temperature change. The external 
stimulus is applied from 𝑡 =  0 to 𝑡 =  𝑃𝑎𝑐𝑡/2 and is removed during the second half of 
the period. We set 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙, where 𝜏𝑠𝑤𝑒𝑙𝑙 is the characteristic swelling time of an 
Figure 8.2. (a) The top row shows snapshots of the microdevice during 
swelling/deswelling transition for period 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙. (b) The second row shows 
the corresponding cross-sectional views of the microdevice. Initially, the microgel is 
collapsed inside the shell and polymer brushes close the pores. At 𝑡1, the external 
stimulus is applied causing the microgel to swell. Swelling is achieved via a three-step 
process. First, the gel rapidly adsorbs solvent within the capsule and swells to fill the 
shell volume (𝑡2). Further swelling proceeds via diffusion of the external solvent through 
the semi-permeable polymer brush closing the shell pores. The gating brush experiences 
outward pressure due to expanding microgel. Once the pressure exceeds the critical 
magnitude the polymer brush yields, allowing the gel to exit through the pores (𝑡3). The 
microgel continues to expand forming bulbs protruding from the shell pores until it 
reaches its final equilibrium shape (𝑡4). At 𝑡4, the external stimulus is removed causing 
the microgel to deswell and retract. Upon deswelling, the polymer network becomes 
highly heterogeneous, as the gel and solvent phase separate (𝑡5). After the microgel fully 
retracts, polymer brushes bridge the pore isolating collapsed microgel within the shell 
(𝑡6). 
t1 = 0 t2 = 0.0033𝑃𝑎𝑐𝑡 t3 = 0.0167𝑃𝑎𝑐𝑡 t4 = 0.5𝑃𝑎𝑐𝑡 t5 = 0.50167𝑃𝑎𝑐𝑡 t6 = 𝑃𝑎𝑐𝑡 
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unconstrained microgel. Upon application of the stimulus, favorable gel−solvent 
interactions lead to microgel hydration and swelling, which causes the gel to dramatically 
expand in volume. The changes in temperature in our model are implemented by varying 
the polymer network−solvent repulsion parameter, 𝑎𝑃−𝑆 which accounts for a change in 
the Flory−Huggins parameter [120]. Decreasing 𝑎𝑃−𝑆 corresponds to gel swelling, whereas 
increasing 𝑎𝑃−𝑆 causes the gel to collapse. 
Swelling/deswelling of a gel enclosed in a microcapsule involves six phases as 
shown in Figures 8.2 and 8.3. In phase 1, the gel adsorbs the solvent within the 
microcapsule and expands to fill its internal space (𝑡2). This initial swelling happens on a 
Time, t / τswell 
Time, t / τswell 
Figure 8.3. Figures showing how gel volume changes during swelling/deswelling in a 
phagocyte-like microdevice. Six different swelling/deswelling regimes are found, which 
are highlighted by the black dotted lines. Plot (a) shows the first 3 regimes for swelling 




time scale comparable to 𝜏𝑠𝑤𝑒𝑙𝑙. Further swelling in phase 2 proceeds by adsorbing solvent 
that diffuses though the polymer brush, gating the shell ports. Brush porosity and pore size 
define the solvent influx rate. Gel swelling imposes an outward pressure on the gating brush 
until contact between the brush end groups is broken and the pores fully open, allowing the 
gel to expand through the pores (𝑡3). After this, the microgel continues to swell, forming 
bulb-like structures that feather out of the capsule. In phase 3 the bulbs grow in size until 
the microgel attains its final shape (𝑡4). As the microgel exits the capsule, the solvent 
penetrates into the capsule interior. In the fully swollen state, nearly 40% of the gel exits 
through the microcapsule pores. This amount depends on the swelling ratio of the gel, the 
perforation size, and the difference between the shell and microgel volumes. The bulb 
formation is relatively slow compared to 𝜏𝑠𝑤𝑒𝑙𝑙 due to the friction between the microgel 
and the solid shell. 
When the stimulus is removed, the gel collapses and retracts into the capsule 
interior, expelling solvent from within the capsule. At the onset of deswelling, in phase 4, 
the gel chains bundle, leading to a rapid gel contraction. In phase 5 the microgel chains 
collapse, decreasing bulb porosity and impeding solvent outflow through the pores, which 
slows gel contraction (𝑡5). In phase 6, the collapsed bulbs slowly retract into the 
microcapsule interior. Once this is done, the polymer brushes bridge the capsule ports, 
isolating the capsule interior from the outer solvent (𝑡6). 
8.4 Diffusive vs. Advective Capture 
To explore the ability of our microdevice to selectively capture and isolate 
nanoparticles, we placed the microcapsule into a nanoparticle-rich solvent. In our 
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microdevice, the transport of nanoparticles into the capsule interior is facilitated by 
advection and diffusion, whereas the retention of nanoparticles in the capsule depends on 
the strength of gel-nanoparticle adhesion. Advective transport arises from the gel volume 
change as the gel swells/deswells. During swelling, solvent rushes into the network to 
hydrate the polymer, bringing along suspended nanoparticles. Thus, the number of 
nanoparticles transferred into the capsule by advection is proportional to the volume of 
solvent entering the shell. Once the gel is swollen and forms the bulbs protruding from the 
shell pores, the nanoparticles can diffuse into the gel network. The number of nanoparticles 
captured through diffusion is proportional to the bulb area and the time the microgel is in 
contact with the external solvent. During gel deswelling, the collapsing microgel expels 
solvent from the shell interior. If the nanoparticle-gel adhesion is not sufficiently strong, 
the escaping solvent can wash some nanoparticles away, reducing the device capture 
efficiency. Thus, microgel-nanoparticle affinity facilitates nanoparticle retention. 
Figure 8.4a shows how the nanoparticle concentration changes within the 
microdevice over one period for attractive, neutral, and repelling nanoparticles. The color 
dotted lines represent the concentration in the microgel, whereas the color solid lines show 
the concentration inside the shell. The black solid line shows the microgel volume. In this 
simulation, we set 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙, which is sufficiently long for the swelling microgel 
to form fully developed bulbs. During the first half of the period, 0 <  𝑡/𝑃𝑎𝑐𝑡  <  0.5, 
when the stimulus is applied and the microgel swells, the nanoparticle concentration in the 
microgel rapidly increases. Almost all of the nanoparticles remain trapped in the bulbs, 
protruding outside the shell, with practically no particles reaching the capsule interior. For 
0 <  𝑡/𝑃𝑎𝑐𝑡  <  0.5, we find a weak dependence of the particle concentration on the 
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nanoparticle-gel interaction. The rapid concentration increase during the initial microgel 
swelling 𝑡/𝑃𝑎𝑐𝑡  <  0.1 is associated with advection of nanoparticles into the expanding 
gel network, adsorbing solvent. Comparing the black line with the colored dotted lines in 
Figure 8.4a, one can see that the initial rapid increase in the nanoparticle concentration 
coincides with the rapid increase in swelling gel volume. After that advection-driven 
concentration jump, the concentration gradually increases with time due to nanoparticle 
Figure 8.4. (a) Evolution of nanoparticle concentration during one period of actuation 
with 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙 for nanoparticles with different adhesiveness. The dotted color 
lines show the concentration in the microgel. The solid color lines show the 
nanoparticle concentration inside the microcapsule. The solid black line shows the 
volume of the microgel. (b) Nanoparticle concentration in the microcapsule during 15 
periods with 𝑃𝑎𝑐𝑡  =  6.7𝜏𝑠𝑤𝑒𝑙𝑙 for particles with different adhesiveness. Note that after 
multiple actuation periods the concentration of attractive particles exceeds the 
concentration in the external solvent 𝐶𝑒𝑥𝑡, whereas the concentration of repulsive 
particles remains below that concentration. The attractive, neutral, and repulsive 
particles have  𝑎𝑁−𝑁𝑎𝑛𝑜 equal to 60, 65, and 75, respectively. Microgel volume 𝑉 is 
normalized with respect to the volumes in collapsed 𝑉𝑐 and swollen 𝑉𝑠 states. 
(a) 
(b) 
Time, t / Pact 
Time, t / Pact 
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diffusion. Diffusive transport is more pronounced for attractive particles that bind to the 
microgel, whereas advective transport acts equally well on all types of nanoparticles. 
The stimulus is removed during the second half of the period, 0.5 <  𝑡/𝑃𝑎𝑐𝑡  <  1. 
This causes the microgel network to collapse and retract into the capsule interior. As the 
bulbs begin to collapse, the solid color lines in Figure 8.4a, representing the concentration 
of nanoparticles within the shell, start to increase, indicating that microgel retraction brings 
nanoparticles into the capsule interior. By the end of the actuation period, the dotted and 
solid concentration lines converge as the microgel retraction completes transferring the 
nanoparticles into the capsule. During the retraction phase, nanoparticle concentration 
within the capsule is strongly affected by the type of nanoparticle-microgel interaction. 
When nanoparticles are sticky, they remain attached to the gel as the bulbs retract. As a 
result, the concentration within the capsule grows, exceeding the concentration in the outer 
solvent. When the nanoparticle-microgel interaction is repulsive, the majority of 
nanoparticles that enter the hydrogel network during the swelling phase are removed by 
the solvent escaping from the collapsing gel network. This causes the concentration of 
repelling nanoparticles within the capsule to remain relatively low, with a small number 
trapped sterically in the polymer network. Neutral nanoparticles are more likely to remain 
within the gel network during the deswelling than repulsive particles, confirming that the 
interaction strength regulates the capture efficiency. Thus, the microdevice can selectively 
capture nanoparticles with favorable microgel interactions from a nanoparticle mixture. 
We note that the nanoparticle concentration does not change after the microgel collapses 
and the gating brushes close the capsule ports, suggesting that the brushes indeed prevent 
transport of nanoparticles into the capsule interior. 
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When the microgel swells, nanoparticle capture first happens due to the faster 
advective nanoparticle transport and then due to the slower diffusive transport. For a given 
nanoparticle concentration, the advective transport is proportional to the amount of solvent 
that enters the capsule, whereas the diffusive transport is proportional to the time that the 
gel stays in the swollen state with bulbs exposed to the nanoparticle-rich solution. Thus, 
the length of the actuation period can alter the capture performance of the microdevice. 
When the period length decreases, the relative contribution of the slow diffusive transport 
is reduced, whereas the capture due to advective transport remains unaffected. One can 
thus expect that, for a fixed time interval, a shorter actuation period can enhance the overall 
capture performance by increasing the contribution of fast advective capture. This 
relationship, however, breaks down for 𝑃𝑎𝑐𝑡  <  2𝜏𝑠𝑤𝑒𝑙𝑙 due to poor bulb formation 
In Figure 8.4b, we keep the same simulation time as in Figure 8.4a, 𝑇𝑡𝑜𝑡 =
100𝜏𝑠𝑤𝑒𝑙𝑙, and set a shorter actuation period, 𝑃𝑎𝑐𝑡  =  6.7𝜏𝑠𝑤𝑒𝑙𝑙. The simulations show that 
by decreasing the period from 𝑃𝑎𝑐𝑡  =  100𝜏𝑠𝑤𝑒𝑙𝑙 to 𝑃𝑎𝑐𝑡  =  6.7𝜏𝑠𝑤𝑒𝑙𝑙, the adhesive 
nanoparticle concentration (blue line) increases approximately 2.1𝑥. This indicates an 
increased contribution of advective transport due to the periodic swelling/deswelling of the 
microgel. Figure 8.4b shows that the nanoparticle concentration depends on the 
nanoparticle-microgel interactions. Similar to the longer actuation period, repelling 
particles do not accumulate in the capsule, even after 15 actuation periods. Their 
concentration remains approximately the same as after the first period and below the 
concentration outside the capsule. Furthermore, the concentration of neutral nanoparticles 
remains nearly constant over multiple periods and is approximately equal to the 
concentration in the external solvent. 
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In Figure 8.5, we examine how the nanoparticle capture rate varies with the 
actuation period 𝑃𝑎𝑐𝑡. The figure reveals that particle capture is maximized when 𝑃𝑎𝑐𝑡 is 
between 3 − 10𝜏𝑠𝑤𝑒𝑙𝑙. In this optimum range, the period of actuation is long enough to 
ensure that the gel has enough time to swell and form bulbs that, in turn, enable the 
advective transport of nanoparticles into the swelling microgel. A longer than optimum 
actuation period reduces the overall capture efficiency by increasing the time during which 
the transport of nanoparticles relies on the relatively slow diffusion. The physical time 
scales corresponding to the optimum actuation period are determined by the size and 
collective diffusion of the microgels [107]. For thermosensitive microgels like PNIPAM, 
with sizes from 100 𝑛𝑚 to 200 𝜇𝑚, the optimal actuation is achieved for periods from 
10 𝜇𝑠 to 100 𝑠, depending on the specific microgel size. 
Figure 8.5 also shows that the maximum rate of particle capture depends strongly 
on the nanoparticle-microgel interaction. The capture rates of neutral and repulsive 
particles are ∼ 3 − 10𝑥 slower than that of attractive particles. This points to the high 
Figure 8.5. Capture rate for nanoparticles with different adhesiveness as a function of 
the actuation period 𝑃𝑎𝑐𝑡. The capture rate is maximized for attractive and neutral 
nanoparticles when actuation period is about 𝜏𝑠𝑤𝑒𝑙𝑙, indicating that the capture is 
enhanced by advective transport of solvent into periodically swelling microgel. The 
attractive, neutral, and repulsive nanoparticles have 𝑎𝑁−𝑃 equal to 60, 65, and 75, 
respectively. 
Period, Pact / τswell 
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selectivity of the microdevice toward capturing nanoparticles that have an affinity with the 
polymeric microgel. We find that repulsive particles do not exhibit a local maximum with 
increasing 𝑃𝑎𝑐𝑡, suggesting a weak effect of the advective transport on capturing of 
repulsive particles. Such particles are washed away by the solvent leaving the capsule as 
the gel deswells, unless they have sufficient time to diffuse deeper into the gel network, 
increasing the probability of being sterically trapped. Overall, Figure 8.5 shows that capture 
selectivity can be realized by altering the gel-nanoparticle interactions and that the period 
of microdevice actuation is a defining parameter that determines the optimal operation of 
the device for nanoparticle capture. 
8.5 Experimental Realization 
Numerous fabrication methods have been developed for mesoporous microshells. 
Haufova et al. [204] use alkoxysilane precursors in a sol-gel process to grow a silica shell 
onto a spherical alginate microgel. The average diameter of the alginate particles was 
approximately 40 −  60 µ𝑚 and the average shell thickness varied between 230 𝑛𝑚 and 
2.3 µ𝑚. The thickness of the silica shell was dependent on the quantity of alkoxysilanes 
precursor used. In addition to the silica shells, researchers have also shown that mesoporous 
polystyrene (PS) particles can be fabricated using a variety of methods, such as radical 
polymerization [212] and toulane swelling and evaporation [203].  
Takahashi et al. [212] mix hydrocarbon (styrene), fluorocarbon oil, and sodium 
dodecylsulfa (surfactant) to create an emulsion of Janus styrene and fluorocarbon oil 
droplets. Upon polymerization the styrene is converted to polystyrene and a hollow shell 
around each fluorocarbon oil droplet is formed. A single hole in the structure is created 
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when the fluorocarbon oil is removed from the PS shell. The average diameter of the PS 
particles was 1.3 µ𝑚 and the average hole size was 0.8 µ𝑚 with a 0.9 µ𝑚3 volume. In the 
work of Im et al. [203], the PS beads were initially swollen with toluene and then immersed 
in liquid nitrogen. The volume shrinkage associated with the freezing of toluene created 
voids in the PS structure. Upon reheating, the toluene evaporates, and the corresponding 
evaporative flux creates a hole in the PS shell. This method of freezing then evaporating 
solvent domains to created voids in the underlying structure can be applied equally well to 
non-spherical geometries and other organic polymers besides PS. The average PS shell 
diameter in the work of Im et al. was around 560 𝑛𝑚. The size of the holes can be directly 
estimated from the diameter of the non-swollen and swollen PS beads. It should be noted 
that both PS and silica shells discussed above have been shown to be biocompatible [213, 
214] and are amenable to amine and carboxyl functionalization [209-211].  
Thermosensitive microgels have been extensively investigated over the years. As a 
result a variety of fabrication methods using microfluidic devices [215], 
emulsion/precipitation polymerization [216], and lithographic techniques [217] have been 
developed [218]. Droplet-based microfluidic techniques can generally produce microgel 
particles ranging from 10 µ𝑚 to 1 𝑚𝑚 in size. Photo lithographic techniques are also 
capable of producing similarly sized gel particles. Both microfluidic and lithographic 
methods allow good control over the size and morphology of individual microgel particles. 
These methods however are usually slower than batch processing techniques like emulsion 
and precipitation polymerization. Batch fabrication methods are also capable of producing 
much smaller particles, around 100 𝑛𝑚 in diameter [63, 216, 218]. The fabrication 
technique chosen should be balanced with the crosslinking chemistry of the gel. For pH 
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sensitive gels like chitosan and alginate photolithographic techniques like electrospraying 
[139, 218, 219] are common. Meanwhile, for thermosensitive gels like PNIPAM, 
precipitation polymerization is more widely used [13, 218]. 
The specific elastic properties of a given thermosensitive microgel largely depend 
on the polymer network (PNIPAM, dextran, chitosan, etc.) and degree of crosslinking. 
Throughout the volume phase transition typically an order of magnitude change in the 
elastic modulus is observed. In the swollen state the Young’s modulus of PNIPAM is 
roughly 10 𝑘𝑃𝑎 [12, 220]. In the deswollen state the Young’s modulus can increase by an 
order of magnitude to roughly 100 𝑘𝑃𝑎 [12, 220]. For some microgels the volume phase 
transition can be discontinuous which is also reflected in the mechanical properties, where 
a jump in stiffness can be seen [12]. The swelling/deswelling time for a given microgel 
tends to decrease as the gel stiffness increases. Thus, for shorter sampling times stiffer gels 
may be preferred. In the work of Muniz et al. the authors showed that the microgel stiffness 
can be improved by crosslinking a polymer network (PNIPAM) within another network 
(polyacrylamide) to create a semi-interpenetrated polymer network [221]. Comparing the 
elastic moduli in the swollen (deswollen) state to the corresponding moduli for a single 
component polyacrylamide gel the authors note a 17% (50%) increase in stiffness. Devices 
with different sizes can be fabricated depending on the application. However, increasing 
the size of the embedded gel, can dramatically increase the swelling time and, hence, 
negatively affect the capture rate. As such, sufficiently short gel swelling time limits the 
overall size of the microgel and the device.  
Recently locally heated thermosensitive microgels have been shown to experience 
fast kinetics with 60 𝑛𝑠 collapse times. This is significantly faster than the predictions of 
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Tanaka’s theory [9], due to nonhomogeneous heating which facilitates the ejection of 
solvent during gel collapse. Thus, such locally heated thermosensitive gels may offer 
shorter sampling times which are not accessible with similarly sized pH or light sensitive 
gels [105]. Utilization of such gels can be preferable for the use in the smart microcapsule 
since it allows overall faster actuation times and therefore more efficient nanoparticle 
capture. The polymer brush in our active microcapsule design can be realized using linear 
heterobifunctional chains. The polymer chain could be functionalized with an end group 
like carboxyl or amine on one end which would permit attachment to the mesoporous shell. 
On the opposite end a methyl end group could provide a mutual attraction between chains 
due to hydrophobic interactions. One example of such a heterobifunctional chain is Methyl-
PEGn-Amine [222]. The flexibility of this chain could be controlled by varying the number 
of PEG monomers between the Methyl and Amine end groups. It should be noted that 
Methyl-PEGn-Amine is just one example of a potential chain which could be used to 
construct the proposed polymer brush. A variety of alternative functional groups could be 
used instead of the amine and methyl end groups [223]. 
8.6 Summary 
Using mesoscale computer simulations, we designed a phagocyte-inspired active 
microcapsule that is capable of selectively capturing nanoparticles from external solutions. 
The microdevice is comprised of a temperature-responsive microgel embedded inside a 
perforated rigid shell. The radius of the perforations determines the amount of gel that exits 
the microcapsule interior during swelling. The radius of the perforations is also important 
for defining the minimum microgel size that can be used in the device. If the perforations 
are larger than the collapsed microgel size, the microgel could leave the porous shell when 
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it is in the collapsed state. To gate solute access to the capsule interior, we incorporated a 
polymer brush with mutually sticky end groups, which is attached at the shell perforations. 
The length of the brush chains is roughly 40% longer than the radius of the perforations to 
enable pore closure. We showed that, upon stimulus application, the microgel increases in 
volume, imposing pressure on the polymer brush. Once the pressure is sufficiently large, 
the polymer brush yields and the gel extrudes through the perforations, making contact 
with the external solvent. Removal of the external stimulus causes the gel to retreat back 
into the shell, allowing the brush to seal the shell pores. We showed that periodic 
applications of the external stimulus enhance nanoparticle transfer into the capsule interior 
via advective transport, leading to the optimum actuation. We also showed that 
nanoparticle capture depends on nanoparticle-microgel interactions which can be used to 
tune the microdevice to pick and isolate specific nanoparticles from a nanoparticle mixture.  
The measurement of physiological biomarkers, like blood pressure and body 
temperature, have been critical diagnostic tools over the last 100 years. A much anticipated 
benefit of the recent advancements in nanotechnology is the ability to easily detect 
molecular biomarkers like proteins, antigens, and small molecules within the human body 
[224, 225]. The continuous in vivo tracking of such molecular biomarkers via an active 
microcapsule, like the one designed here, can unlock a multitude of new diagnostic 
strategies, making the development of more personalized treatment therapies possible 
[200]. In addition to biomedical applications, synthetic phagocyte-like microdevices can 
also have a strong impact on diverse research areas ranging from origin of life studies to 
pollutant clean up, making it a promising direction for future research. Just recently, 
researchers have demonstrated phagocytosis-like behavior in water droplets inside a 
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magnetic Pickering emulsion by varying oleic acid concentrations in the emulsion and 
inducing an opening in the magnetic nanoparticle shell [201]. Similar biocompatible 
hydrogel-based devices would be able to immobilize enzymes and catalyst-containing 
nanoparticles, which could allow various chemical reactions to occur within the 
microdevice, serving as an essential element in the development of an artificial cell [205, 
226]. Synthetic devices, like the active microcapsule reported here, could then be used to 
understand cooperative and social behavior of communities of artificial cells [227]. 
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CONCLUDING REMARKS AND FUTURE DIRECTION 
In our work we leverage mesoscale computational techniques to gauge both static 
and dynamic properties of microgel-based soft matter systems. In Chapters 2-4 the 
properties of individual spherical microgel particles, and the constituent polymer chains 
were examined. To model high porosity microgels we demonstrated that polymer chains 
with a nonzero bending stiffness are ideal. Care must be taken however to ensure fully 
flexible behavior is maintained. In the current study Flory’s theory was utilized to gauge 
the chain flexibility.  Polymer networks were created by distributing crosslinking sites 
throughout the computational domain using either a random or Gaussian distribution. We 
showed that as the average chain length in the polymer network increases the volume phase 
transition becomes sharper near the critical point, which is consistent with experiments. 
For large porosities and smaller microgel sizes, we demonstrated that the bundling of 
polymer chains speeds up the collapse of the network. In these cases, the kinetics are in 
good agreement with Tanaka’s theory. Increases in the microgel size and decreases in the 
network porosity can both however lead to kinetic arrest during deswelling. This can 
significantly extend the timescale for deswelling and cause deviations from Tanaka’s 
theory. 
For high aspect ratio toroidal microgels we demonstrated that the formation of the 
dehydrated skin layer, which occurs as a result of a rapid change in the solvency, can lead 
to large out-of-plane deformations during deswelling. Meanwhile, for quasistatic 
deswelling no out-of-plane deformations are observed and the aspect ratio of the toroids is 
maintained throughout the deswelling process. In the future we anticipate utilizing our 
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mesoscale microgel model to better characterize local changes in skin layer growth near 
geometrical features like corners, edges, and high/low curvature regions. This could help 
facilitate the design of future microdevices. The dehydrated skin layer could also be used 
for micro-compartmentalization which can pave the way to designing novel biomimetic 
materials. The ability to swell/deswell and buckle out-of-plane also makes toroidal 
microgels ideal for micro-sensing applications. 
To probe how the bulk modulus 𝐾 of spherical microgel particles changes at 
different solvent conditions we varied the osmotic pressure and monitored the 
corresponding changes in the network volume and pressure. Fitting the bulk moduli data 
to Flory-Rehner’s theory established a connection between the network-solvent repulsion 
coefficient 𝑎 in the DPD model and the Flory-Huggins solvency parameter 𝜒. To measure 
the Young’s modulus 𝐸, a spherical microgel particle was compressed quasistatically 
between two plates, as the change in deformation with applied load was tracked. The 
mechanical results indicated good agreement with both poroelastic and Flory-Rehner 
theory, signifying that the DPD model can capture not only the microgel kinetics but 
mechanics as well. In the future we aim to incorporate into our model the cooperative-
hydration concepts put forth by Kojima et al. This should allow us to capture the dip in the 
bulk modulus and the corresponding negative Poisson ratios which are observed near the 
critical point for some microgels. Additionally, we plan on adding ionic interactions into 
the model which will enable us to study polyelectrolyte microgels.  
After  characterizing the single particle properties, we examined how the 
mechanical and rheological responses of microgel suspensions vary at different packing 
fractions and solvencies. At high packing fractions deformation was found to occur mainly 
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as a result of particles shrinking. This is true regardless of the solvency of the suspension. 
It was also found that the suspension rheology and mechanics are defined by the single 
particle modulus, which sets the scale for shrinking. For the loss and storage moduli it was 
found that regardless of the solvent conditions or packing fraction all data can be scaled 
onto two master curves, when normalizing by the crossover frequency and storage 
modulus. The crossover frequency and storage modulus (𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟) are 
both minimized near the critical point for the solvency method. Meanwhile, for the 
volumetric method 𝜔𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 and 𝐺′𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 monotonically increase with packing 
fraction. Future work is aimed at examining how different network parameters impact the 
suspension rheology. Moreover, we plan on studying the impact of polydispersity on 
microgel mechanics. The ultimate goal is to couple computational and experimental data 
into a machine learning algorithm which will facilitate the discovery of novel soft 
materials. 
In the last 3 chapters we introduce three novel hydrogel-based microdevices: self-
folding microsheets, a self-propelling bi-layered microswimmer, and a biomimetic 
microcapsule. The self-folding microsheets were comprised of a trilayered spider-silk 
composite. Changes in the pH swelled the responsive silk ionomer layer, generating 
stresses in both the polystyrene (PS) and β-sheet layers. We showed that for thinner PS 
layers folding always occurs on the β-sheet side, which is stiffer. Varying the aspect ratios 
of the microsheets we illustrated that the folding patterns observed in our lattice spring 
model (LSM) are in good agreement with experimental observations. Stress analysis of 
each microsheet illustrated how folding is initiated in each composite structure. A modified 
version of Timoshenko’s beam theory was employed to study the final self-rolled radius of 
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the composite spider-silk structures, as a function of the thickness of individual layers. The 
calculated tube radii were shown to be in good agreement with experimentally measured 
values. 
The microswimmer design which was introduced consists of two hydrogel layers 
which have identical material properties but have different responses to environmental 
stimuli. When exposed to an appropriate external stimulus one of the polymeric layers 
swells/deswells while the other layer remains passive. We demonstrated that by cycling the 
external stimulus on/off in a periodic fashion self-propulsion in a low Reynolds number 
environment could be achieved. The generation of time-irreversible motion was shown to 
arise from the timescale mismatch between de/swelling and bending. The optimal 
microswimmer velocity was shown to occur for a passive layer which is approximately 1.4 
times thicker than the active layer. Future work is focused on examining the collective 
behavior of large groups of microswimmers. Such systems could be easily leveraged for 
on-demand micromixing and more complex microtasks like cargo transport. 
The active microcapsule, which was introduced consisted of an active spherical 
microgel, a perforated spherical shell, and a copolymer brush with sticky end groups. In 
the collapsed state the microgel sits inside the perforated spherical shell, as the polymer 
brush closes each of the openings in the shell. Upon swelling, the microgel rapidly fills the 
internal volume of the shell and slowly pushes the polymer brush open as it makes contact 
with the external solvent. We demonstrated that the active microcapsule accumulates 
adhesive nanoparticles into the internal volume at predefined rates. The capture rate of the 
microdevice was shown to vary in a non-monotonic fashion with the length of the actuation 
period. Capture rates were maximized for actuation periods which are 3-10 times larger 
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than the characteristic swelling time of the microgel. Active microcapsules, such as the one 
introduced here, can be used for oil recovery. In addition, such microcapsules are good 
primitive cell models. Large suspensions of active microcapsules can thus potentially be 
used to study the formation of multicellular organisms. 
The results of our studies indicate that DPD is an excellent method for simulating 
the behavior of microgels and soft-matter systems. One major benefit of the current 
computational approach is that any polymer network topology can be easily studied. The 
close relation between DPD and molecular dynamics makes the inclusion of ionic 
interactions and hydrogen bonding possible. In the context of larger systems, like microgel 
suspensions, the incorporation of machine learning algorithms in future work is critical as 








One of the major scientific contributions of this work is the development of a 
mechanically and kinetically compliant mesoscale microgel model. This model offers a 
direct connection between the network-solvent repulsion coefficient and the Flory-Huggins 
interaction parameter. An important feature of our model is the ability to evaluate skin 
layer growth during rapid deswelling. Experimentally, it is difficult to gauge how the 
thickness of the skin layer changes with time and the corresponding impact on solvent 
outflow [54]. As shown in Chapter 3, the model presented here offers a direct way of 
quantifying these properties.  
Another significant contribution of the current work is that for microgel 
suspensions we illustrate how microgel-microgel interpenetration and microgel surface 
area to volume ratios vary with changes in the generalized packing fraction. Such 
measurements experimentally are difficult to make. Our simulations fill this gap, showing 
that microgel interpenetration in highly compressed states is roughly 20-25% of the 
crosslink distance. Interestingly, we find that this is true regardless of the microgel network 
structure. In bad solvent conditions microgel particles with normal crosslink distributions 
have higher surface area to volume ratios, indicating higher deformation. These findings 
can be utilized to generate novel soft materials and structures. 
Three additional, notable, scientific contributions are also included in Chapters 6-
8. In the self-folding composite study, we illustrate how active 2D geometries could be 
exploited to create different 3D structures, like rings and microtubules. In the 
microswimmer study we demonstrate how the timescale mismatch between bending and 
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de/swelling can be exploited to create propulsion in a low Reynolds number environment. 
Lastly, in Chapter 8 we show how the large volume changes of microgels could be 
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